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ABSTRACT
The natural mortality of fishes is an important component for
understanding population dynamics. The larval stages of pelagic fishes living in
the open ocean are particularly vulnerable to high rates of mortality, and
fluctuations in these rates are thought to exert a large influence on the number of
fish maturing into the spawning population. Early stage larval fishes are thought
to undergo a critical period after hatching when they must find food or succumb
to starvation. While the availability of suitable food for larval fishes is, on
average, too low in the open ocean to support survival, patchy distributions of
planktonic food can be vital habitat. The stable ocean hypothesis describes how
wind mixing can influence this habitat through dilution of plankton patches and
increase the mortality of larval fishes.
In this dissertation, I reexamined the stable ocean hypothesis from three
perspectives to understand how it might influence several key components of the
California Current Ecosystem. First, I calculated larval mortality rates for five
fishes (northern anchovy, Pacific sardine, Pacific hake, Pacific mackerel, and jack
mackerel) from 1979 to 2015. Then I compared the mortality rates to indices of
storm events and calm periods as a proxy for water column mixing and
planktonic patchiness. Contrary to expectations, storm events did not negatively
influence the survival of any of these species. In fact, mortality for Pacific hake
decreased with an increased number of storms. Next, I examined the effect that
storm events had on the vertical distribution of chlorophyll layers. I found that
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storms tended to decrease the occurrence of high-concentration chlorophyll
layers in the water column. Finally, changes to the planktonic community
composition within the chlorophyll layer was assessed. Significant variability
associated with years and regions was found among sampled community
compositions. Furthermore, a proxy for larval fish food exhibited considerable
variability; however, the variability was not explained by the region, season, or
year. Moreover, there were two peaks in biomass much higher the median value
of the food proxy biomass and these events were dominated by potentially
noxious algal species that may have negative implications for larval fish survival.
Overall, evidence was found to support the notion that winds may
influence the plankton communities larval fish rely upon, but, little support was
found for a direct link to larval mortality. The stable ocean hypothesis may be
important for fish recruitment in the California Current Ecosystem, but its
influence appeared to be minimal on seasonal, regional, and interannual scales.
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CHAPTER 1
INTRODUCTION
“Obviously, populations of commercial fishes are affected by other than
oceanic processes. In particular they are subject to the pressure of an
aggressive non-environmental factor, the fisherman. Much of fisheries
research has resulted from the fear that this pressure was excessive and
would soon lead to decimation of the stock; thus, it has concentrated
primarily on the dynamics of the populations involved. The working
hypothesis of the fisheries oceanographer, on the other hand, is that
variations in apparent abundance are due primarily to changes in the
environment. These changes must be described and understood before the
role of man can be properly evaluated.” (Wooster 1961)

1.1 BACKGROUND
A long-standing inquiry in fisheries oceanography concerns the factors
influencing interannual fluctuations in the recruitment of commercially exploited
species. Recruitment can be defined as the contribution of new individuals to the
mature population that constitutes a fishable stock of fish. The critical period
hypothesis suggests that–for fish species with free-living, yolk-sac larvae–the
availability of food at the time of yolk-sac exhaustion can be critical for the
survival of a year-class as the cohort matures into the spawning population
1

(Hjort 1914). The critical period hypothesis motivated a century of inquiry into
the factors (e.g., early life history and juvenile survival) semi-independent of
commercial harvest influencing the annual fluctuations of commercially
important marine species. The early life history and juvenile periods are semiindependent because commercial harvest is a significant factor influencing
populations and it is nearly impossible to remove its influence from population
fluctuations.
Some explorations of this critical period were conducted on the northern
anchovy (Engraulis mordax) by Lasker (1975). Foundational work before Lasker
had determined that the average concentrations of planktonic prey in the ocean
were lower than concentrations of prey necessary to stimulate successful feeding
in laboratory experiments (May 1974), presenting a paradox in which larval fish
would always starve in the pelagic ocean. Lasker (1975) devised an experiment to
resolve the paradox by testing whether phytoplankton concentrations at specific
depths, rather than a water-column averages, off the coast of southern California
contained sufficiently dense aggregations of prey for first-feeding anchovy
larvae. Lasker (1975) established that chlorophyll maximum layers were a
necessary but not sufficient condition for larval anchovy survival. In addition to
plankton density, the species composition was also essential to successful larval
feeding as not all plankton are suitable forage. In a bit of serendipity, a winter
storm mixed the water column and disaggregated thin layers of phytoplankton,
destroying plankton layers that could serve as potential feeding areas for larval
fish (Lasker 1975). The effect of wind events on chlorophyll concentrations and
larval fish feeding were then synthesized into the stable ocean hypothesis which
suggests that periods of mixing are necessary to entrain nutrients into the
2

euphotic zone followed by periods of calm in which thin layers of plankton form
suitable foraging areas for first-feeding larval fishes (Lasker 1978, 1981).
Several directed, field-based research programs have examined the
applicability of the stable ocean hypothesis to the northern anchovy with
inconsistent results. One study examined the vertical structure of the larval fish
food web and observed that larval fish abundances decreased, but planktonic
species composition was not significantly different before and after a storm,
suggesting no changes to the larval fish prey field (Mullin et al. 1985). The
authors noted two potentially confounding results tempering their conclusions;
isothermal profiles after the storm did not conform to their expectations of
storm-induced mixing, and the effects of zooplankton diel vertical migration
were indistinguishable from redistribution due to water-column mixing. In
another study, two areas with contrasting physical conditions were selected to
examine larval anchovy mortality and starvation (Owen et al. 1989). While there
were no significant differences in later-stage mortality or starvation, there were
significant differences in larval production between the two sites. The site with
stronger winds, a deeper mixed layer, and less stratification also had lower larval
production. The implication was that egg production was lower or that mortality
on eggs or first-feeding larvae was significantly higher, consistent with the stable
ocean hypothesis. However, despite decades of directed study of the stable ocean
hypothesis in the 1970s and 1980s, the concept is still debated, and its broader
applicability is unknown.
While surface winds are a significant component forcing mixed-layer
dynamics, physical conditions and biological parameters within the water
column are a better indication of the environment used by plankton and larval
3

fish. McClatchie et al. (2007) considered the stable ocean hypothesis in southern
Australia, correlating the distribution of sardine eggs and larvae to measures of
water-column mixing, chlorophyll fluorescence, and zooplankton displacement.
They concluded that on broad spatial scales, the abundance of larvae was
positively correlated to a stratified water column. However, the authors
conflated larval abundance with survival. In a limited sense, abundance can be
considered as a measure of survival, but estimates of mortality from
ichthyoplankton data are a more appropriate metric of larval survival. Moreover,
McClatchie et al. (2007) used water-column stratification as a metric for larval
feeding habitat disruption, which neglected wind forcing; however, periods of
wind-driven turbulent mixing and periods of calm are central mechanisms in the
hypothesized connection between physical forcing and interannual fluctuations
of fish populations (Lasker 1975, 1978, 1981).
In the California Current Ecosystem (CCE), winds are essential to
structuring the physical environment used by larval fish as foraging habitat.
Husby and Nelson (1982) examined the climatology of the cube of the wind
speed, as a measure of turbulent mixing, and water-column stratification to
deduce that typical spatial and temporal scales of northern anchovy spawning
occur during periods of weak upwelling, high stratification, and low turbulence.
The authors did not compare interannual changes in physical variables to
ichthyoplankton densities, but relied upon typical patterns derived from
literature, and as a result, specific interannual relationships between variables
were not examined. A more explicit investigation demonstrated a negative
correlation between the number of four-day calm periods in which wind speeds
were below 10 meters per second and larval anchovy mortality estimated from
4

ichthyoplankton densities (Peterman and Bradford 1987). While the relationship
of calm days to mortality is a valuable observation, the comparison of wind
events and periods of low wind speeds are potentially more relevant for
comparisons to metrics of larval survival.
In a modeling experiment coupling mixed-layer dynamics forced by
winds, plankton population dynamics, and larval anchovy growth, all wind
events were found to increase larval anchovy mortality; however, a storm that
deepens the mixed layer to the nutricline stimulates plankton production and
reduces larval fish mortality (Wroblewski et al. 1989). The model examined the
influence that the temporal sequence of wind and calm could have in relation to
plankton productivity and larval fish mortality. In an analysis including several
upwelling regions, a dome-shaped relationship between winds and recruitment
was hypothesized (Cury and Roy 1989). The authors reasoned that at low wind
speeds, small amounts of nutrients are entrained into the euphotic zone, limiting
primary production; at high wind speeds, prey concentrations are disaggregated.
These studies highlight that the interaction of winds and water-column dynamics
is potentially important for larval fish survival in eastern boundary current
upwelling regions.
The fishes included in this dissertation, northern anchovy (E. mordax),
Pacific sardine (Sardinops sagax), Pacific hake (Merluccius productus), Pacific
mackerel (Scomber japonicus), and jack mackerel (Trachurus symmetricus), are
ecologically and commercially important species in the CCE. These fishes
represent significant trophic pathways linking primary production to upper
trophic levels such as marine mammals, seabirds, and larger pelagic fishes. The
commercial sardine fishery on the west coast of North America was a vital
5

economic activity in the early to mid-20th century until the collapse of the fishery
(Ueber and MacCall 1992). Early analyses of catch statistics was used to propose
that the commercial collapse of the sardine population was due to overexploitation by the fishery; however, an alternative explanation emphasized the
role that natural environmental variability and variability inherent in biological
populations can contribute to population collapse (MacCall 1979, Lindegren et al.
2013). Subsequent to the sardine fishery collapse, some of the fishing industry
responded by switching to harvest northern anchovy, while others migrated to
South America to profit from fishing the abundant Peruvian anchoveta (E.
ringens) and Pacific sardine stocks near Chile and Peru (Ueber and MacCall
1992).
The coastal waters off of western North America ranging from British
Columbia to Baja California (collectively referred to as the CCE) compose the
essential habitat for the fishes included in this dissertation, where the majority of
feeding and spawning occurs for these fish stocks. The phytoplankton and
zooplankton productivity sustaining fishery production in this region is
influenced by coastal upwelling (Ryther 1969) and wind-stress curl upwelling
(Rykaczewski and Checkley 2008). The upwelling process occurs when winds
force horizontal movement of surface waters, creating a divergence in which
deeper, nutrient-rich waters are brought upwards into the euphotic zone
stimulating phytoplankton growth (Huyer 1983). The southern CCE is of
particular interest because it serves as a major spawning region for many fishes
and is the focus of significant ongoing oceanographic research, including the
surveys of the California Cooperative Oceanic Fisheries Investigations (CalCOFI,
Figure 1.1) program and the California Current Long-Term Ecological Research
6

site. CalCOFI surveys were initiated after the commercial collapse of the sardine
in the mid-20th century, and the dataset now provides one of the longest time
series comprising biological, chemical, and physical measurements of the marine
environment (McClatchie 2014). Because of the clear connections between
atmospheric forcing by winds on ocean dynamics, ecosystem processes, and
commercial fishing, the CCE is a fascinating area to investigate the coupling of
climate and biological productivity in the ocean.
Of the species targeted by this dissertation, anchovy and sardine are
particularly interesting because there is a long history of investigation into their
population dynamics. Recently, the status of the anchovy and sardine stocks off
southern California have undergone significant changes. The spawning stock
biomass of northern anchovy has decreased from a peak in the mid-2000s to a
low in the mid-2010s (MacCall et al. 2016). Sardine spawning stock biomass has
followed a similar trajectory with a peak in the mid-2000s and a low in the mid2010s also decreased (Hill et al. 2017). The sardine stock biomass has decreased to
levels that have been considered collapsed, defined as biomass below advisory
panel target guidelines, and the commercial fishery has been closed for the past
few years. Advances in understanding the drivers of population fluctuations
suggest that the interaction of overexploitation by fishery harvest and
environmental variability are likely influencing population dynamics (Lindegren
et al. 2013, Essington et al. 2015). While northern anchovy is not formally
assessed by National Oceanic and Atmospheric Administration–National Marine
Fisheries Service, a recent study determined that annual egg production has
remained stationary while annual larval production has decreased since the early
1990s (Fissel et al. 2011). The authors concluded that egg mortality or first7

feeding larval mortality has increased, likely due to environmental variability;
however, explicit drivers were not examined.
1.2 IMPORTANCE
The purpose of this dissertation was to revisit the stable ocean hypothesis
by exploring the influence that episodic wind events have on plankton ecology
and early stage larval mortality for five target fish species. To date, no studies
have integrated atmospheric conditions, water-column conditions, plankton
communities, and larval mortality within the CCE to assess the applicability of
the stable ocean hypothesis to populations of five different fish species. It is vital
to the progression of scientific fields to revisit older conjectures that are
frequently cited, but seldom tested. Moreover, Lasker (1975, 1978, 1981)
developed the stable ocean hypothesis with data limited in temporal scope. Now
that longer time series are available and there have been advances in the
understanding of marine fish population fluctuations, a re-examination of the
implications of Lasker’s ideas can be made. Furthermore, the threat of climate
change adds new emphasis to the predictions of the stable ocean hypothesis.
Anchovy and sardine are important species in the CCE, and fundamental drivers
of population fluctuations are still debated despite decades of research. The work
presented in this dissertation will add to the larger body of work and help to
better understand coastal pelagic fishes in the CCE and potentially other eastern
boundary current upwelling regions.
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1.3 DISSERTATION OUTLINE
1.3.1 CHAPTER 2: INFLUENCE OF WIND EVENTS ON LARVAL FISH
MORTALITY RATES IN THE SOUTHERN CALIFORNIA CURRENT
ECOSYSTEM
The focus of this chapter was to assess the connections between wind
events and larval fish mortality. As suggested by Lasker (1975, 1978, 1981), wind
events, such as winter storms, can mix the water column and increase larval
mortality whereas calm events (i.e., periods of low winds speeds) can stabilize
the water column and decrease mortality. An unstable water column is not likely
to facilitate larval fish feeding due to disaggregation of planktonic prey;
however, weak stratification allows deeper, nutrient-rich waters to be upwelled,
stimulating plankton blooms. Lasker (1975) proposed that chlorophyll maximum
layers were a necessary but not sufficient condition for larval fish survival
because plankton size and species composition were also essential. While effort
has been directed to test the applicability of Lasker’s predictions under the stable
ocean hypothesis, none have completed an analysis using multidecadal
atmospheric, oceanographic, and ichthyoplankton data. For this and subsequent
chapters, the region of interest will be the core CalCOFI region (Figure 1.1) for
which relatively consistent ichthyoplankton data are available. Lasker (1975,
1978, 1981) was interested in anchovy, but he stated that the wind-driven mixing
and its influence planktonic concentrations were applicable to any fish species
that have pelagic larvae. The fish species selected for this chapter (i.e., northern
anchovy, Pacific sardine, Pacific hake, Pacific mackerel, and jack mackerel) were
chosen to test the applicability of the stable ocean hypothesis because they are
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pelagic-spawners with free-living, yolk-sac larvae and there are 37 years of
ichthyoplankton data available.
For this chapter, a guiding question was whether calm periods or storm
events were associated with changes to larval fish mortality. The null hypothesis
for this study was that there was no relationship between wind events and larval
fish mortality. My first alternative hypothesis was that an increased number of
storms led to increases in larval mortality. My second alternative hypothesis was
that an increased number of calm periods led to decreases in larval mortality. To
test my hypotheses, I developed indices of storm events and distinct calm
periods using a global reanalysis wind product and compared them to larval
mortality rates estimated from 37 years of ichthyoplankton data. In the stable
ocean hypothesis, Lasker (1975) suggested that large increases in mortality due to
storms could affect recruitment. Thus, I tested the hypothesis that increased
mortality associated with storm events would decrease annual recruitment. I
found that there was little evidence to support the expected relationships that
increased storms are associated with increased mortality and that increased
number of calm periods are associated with decreased mortality. There was an
unexpected relationship in which larval hake mortality decreased with an
increased number of storms, which was contrary to expectations. I reasoned that
the affinity of hake to reside near the base of the mixed layer facilitated increased
survival with wind-induced mixing either due to changes in contact rates or
increased plankton production from nutrient injection.
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1.3.2 CHAPTER 3: THE EFFECTS OF EPISODIC WIND-EVENT MIXING ON
VERTICAL CHLOROPHYLL STRUCTURE IN THE SOUTHERN CALIFORNIA
CURRENT ECOSYSTEM
The unexpected results of the second chapter that were contrary to the
predictions of the stable ocean hypothesis motivated a closer examination of the
connections between wind events and vertical chlorophyll layers in the CCE. The
stable ocean hypothesis assumes that wind events destroy plankton aggregations
used by larval fishes as feeding habitat. In this chapter, vertical chlorophyll
profiles from 12 years of CTD data were classified as having structure based
upon relative chlorophyll intensity criteria and maximum chlorophyll intensities.
The presence of these structures was then tested to see if their occurrence
decreased with the occurrence of wind events previously identified for Chapter 2
as predicted under the stable ocean hypothesis. Additionally, I examined
whether there was a coupling of wind events to increased nitrate in the mixed
layer as a partial explanation for the results found for hake in Chapter 2. I found
that the occurrence of storms before a CTD cast was associated with a decreased
presence of vertical chlorophyll structure. These results were consistent with the
predictions of the stable ocean hypothesis. There was no anomalous increase in
mixed-layer nitrate outside the seasonal signal expected due to upwelling
favorable conditions when increases in mixed-layer nitrate is typically associated
with increased occurrence of episodic wind events.
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1.3.3 CHAPTER 4: COMPARISONS OF PLANKTONIC COMMUNITY
COMPOSITION IN VERTICAL CHLOROPHYLL FEATURES OF THE
SOUTHERN CALIFORNIA CURRENT ECOSYSTEM
The final research chapter in this dissertation examined the planktonic
communities that were associated with the vertical chlorophyll structures
identified in the third chapter. So far, the organization of this dissertation had
focused on attempting to connect wind events to larval fish mortality and then
confirming that winds events tend to influence the distributions of chlorophyll in
the water column, consistent with the stable ocean hypothesis. Lasker (1975,
1978, 1981) was aware that both wind events and chlorophyll structure were
necessary, but not sufficient, conditions to affect cohort-level larval mortality.
These conditions set forth by Lasker were not the same in the context of forage
available to larval fishes. Not only were certain wind conditions and chlorophyll
concentrations important, but the correct species that were forage for larval
fishes were also necessary. Thus, this chapter examined the plankton
communities found within the water column when vertical structuring of
chlorophyll also occurred. A general question guiding this chapter was whether
all vertical chlorophyll structures could equally support larval fish feeding. To
answer this question, size-specific functional groups of phyto- and zooplankton
taxa found within the vertical chlorophyll structures were examined. Metrics of
community composition and diversity were used to quantify the planktonic
communities. Significant regional and interannual differences were found
partially explaining the changes to community composition. Interestingly,
differences in samples were not strongly associated with the seasonal cycle;
however, comparisons were limited by small sample sizes. Species level data
12

were not available and as a result direct analysis of the forage species most likely
to be consumed by larval fishes was not possible. Therefore, a proxy was
developed to represent the part of the plankton community most likely
consumed by larval fishes. This proxy exhibited considerable variability among
samples; however, the variability was not associated to the factors examined (i.e.,
region, season, and year). If the proxy was a reasonable representation of the
community available to larval fishes to feed, then the plankton communities
identified here were quite variable and likely to be an important component to
explain changes to larval fish growth and survival.

13

Figure 1.1 The sampling grid for the core region of the California Cooperative
Oceanic Fisheries Investigations (CalCOFI). This is the region from which all the
data used in this dissertation were obtained. The map was obtained from the
CalCOFI program website.
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CHAPTER 2
INFLUENCE OF WIND EVENTS ON LARVAL FISH MORTALITY RATES IN
THE SOUTHERN CALIFORNIA CURRENT ECOSYSTEM1
2.1 ABSTRACT
Wind-induced mixing can affect the vertical distribution of plankton in the upper
water column, influencing the prey available for larval fishes. The stable ocean
hypothesis proposes that periods of calm winds facilitate the development of
plankton layers at concentrations sufficient for successful larval foraging and
increased survival. Conversely, storm events redistribute prey, leading to
reduced foraging success. Here, we investigate this hypothesis by comparing
larval fish mortality rates estimated from 37 years of ichthyoplankton data
against metrics of wind events defined as storms and calm periods. Contrary to
expectations, we found that mortality for Pacific hake (Merluccius productus)
significantly decreased as storm events increased in the southern California
Current Ecosystem. Mortality rates for northern anchovy (Engraulis mordax),
Pacific sardine (Sardinops sagax), Pacific mackerel (Scomber japonicus), and jack
mackerel (Trachurus symmetricus) had no relationship to storms, and no species’
mortality rates were related to the number of calm events. Our results highlight
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the differing sensitivities of larval survival among fishes in the region and
indicate that responses to atmospheric processes are species dependent.
2.2 INTRODUCTION
Efforts to understand the factors influencing variability in mortality rates
of larval fishes have motivated fisheries oceanography for more than a century.
Changes in the availability of prey for first-feeding larvae were hypothesized to
be a key factor influencing larval mortality (Hjort 1914). Because larval fish are
weak swimmers and inexperienced predators, relatively high concentrations of
planktonic food were thought to be required for larvae to meet their metabolic
demands (Hunter 1972). However, the distribution of plankton that are suitable
food for larval fishes in the ocean is patchy and subject to physical forcing (Owen
1989). Turbulence generated by surface wind stress can stimulate mixing of the
water column and potentially disrupt layers of aggregated plankton within the
mixed layer or even just beneath the pycnocline (Lasker 1975). Consequently,
Lasker (1975, 1978, 1981) formulated the “stable ocean” hypothesis, suggesting
that wind events can inhibit larval fish survival by reducing the availability of
their planktonic prey. However, not all wind events will disturb patches of
plankton in an equal fashion, as the duration and intensity of the wind can
determine the degree to which an event will restructure the vertical distribution
of plankton (Mullin et al. 1985).
The occurrence of storms relative to the spatial and temporal distribution
and size-specific abundances of larvae may be important in determining whether
a wind event has a positive or negative effect on larval survival. Peterman and
Bradford (1987) demonstrated that estimated survival rates of northern anchovy
(Engraulis mordax) larvae were positively correlated with the number of calm
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periods occurring during the months of peak anchovy spawning. However,
extended periods of calm conditions may not be beneficial for survival. With heat
flux from the atmosphere, the water column can become stratified during
periods of low wind speeds, potentially decreasing the supply of nutrients into
the mixed layer and limiting the production of plankton that can serve as forage
for larvae (Wroblewski et al. 1989). The results of numerical modeling
experiments with a mixed-layer coupled to phytoplankton, zooplankton, and
larval anchovy dynamics suggested that a strong storm followed by a two-week
period of calm conditions minimized larval northern anchovy mortality by
allowing larvae to feed and grow more quickly through early stages when they
are most vulnerable to starvation and predation (Wroblewski et al. 1989).
The early life history of many fish species can be a period of significant
mortality that influences the magnitude of recruitment. For most pelagic
spawning fishes, larvae emerge from eggs with yolk sacs and limited mobility
(Hunter 1970). After the yolk is exhausted, larvae must find food or die either by
succumbing to starvation (Lasker et al. 1970) or predation due to their weakened
state. The time period between the point when the yolk-sac is exhausted up to
first feeding is a “critical period” in which larvae must find food; otherwise, the
high mortality rates may have significant impacts on cohort size (Hjort 1914).
Spawning that spatially or temporally coincides with the availability of suitable
larval food increases the probability of larval survival (Cushing 1974). Yet,
physical forcing that influences patches of larval prey can have further
consequences on food availability (Lasker 1975, 1978, 1981). During a focused
study in the 1970s, layers of elevated chlorophyll concentration (associated with
high densities of phytoplankton cells) stimulated feeding in early post-yolk-sac
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anchovies (Lasker 1975). These regions of potential larval foraging contained
dense aggregates of the dinoflagellate Gymnodinium splendens (current accepted
name is Akashiwo sanguinea, Daugbjerg et al. 2000). However, the subsequent
passage of a storm intensified mixing of the water column, diluting the thin
layers of phytoplankton and reducing cell densities below the threshold that
stimulated feeding by larval anchovy (Lasker 1975). The sensitivity of larval
survival to changes of planktonic food densities due to wind mixing could apply
to other species besides anchovies with pelagic, yolk-sac larvae (Lasker 1981), but
the hypothesized response has rarely been explored in other fishes.
The California Cooperative Oceanic Fisheries Investigations (CalCOFI)
program started regular ichthyoplankton sampling in 1951 with the express
purpose to determine the causes of the Pacific sardine (Sardinops sagax) fishery
collapse, though the scope of the program has grown to provide a more
comprehensive assessment of oceanographic and ecological conditions in the
California Current. The eggs and larvae of four coastal pelagic fish species,
northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax), Pacific
mackerel (Scomber japonicus), and jack mackerel (Trachurus symmetricus); and one
groundfish species, Pacific hake (Merluccius productus), have been frequently
sampled by the CalCOFI program in the southern portion of the California
Current Ecosystem (CCE) and were the focus of this study. These species were
chosen because they are ecologically important links from plankton productivity
to upper trophic levels, and several of these species have been targets of
commercial fisheries. The population levels of these species have undergone
large changes in abundance independent of fishing pressure (Soutar and Issacs
1969, Baumgartner et al. 1992), the causes of which are debated (Schwartzlose et
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al. 1999, Norton and Mason 2005). However, only hake, Pacific mackerel, and
sardine have regular stock assessments directed by the Pacific Fishery
Management Council on the west coast of the United States. There is uncertainty
in the understanding of the population dynamics of marine fishes because the
relationship between the numbers of spawning adults and new recruits is
generally weak (Myers and Barrowman 1996), and much of the juvenile life
history is unknown for many species. However, processes during the larval
stages are considered vital because high mortality in this phase can have a
significant influence on the overall population dynamics (Butler et al. 1993, Lo et
al. 1995).
The growing archive of ichthyoplankton data from the southern CCE
combined with atmospheric reanalysis products motivated us to explore the
potential relationships between larval mortality rates and synoptic atmospheric
events for multiple species over the past several decades. For this study, we
asked whether calm periods or storm events were associated with changes to
larval fish mortality. Previous research focused on two species: the northern
anchovy (Lasker 1978, 1981, Peterman and Bradford 1987), and Pacific sardine
(Butler 1991); however, no studies have examined the applicability of changes in
larval mortality due to storm events or calm periods across multiple species and
over multi-decadal scales (e.g., nearly 40 years in the case of the CCE). By
extending Lasker’s hypothesis, we expected that the larval mortality rates of
pelagic fishes with planktonic, yolk-sac larvae will be increased with more
intense wind-induced mixing. Indices that describe the frequency of storm
events and distinct calm periods were compared to estimates of larval mortality
for the five target fish species previously identified. The null hypothesis for this
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study was that there was no relationship between wind events and larval fish
mortality. Our first alternative hypothesis was that an increased number of
storms led to increases in larval mortality. Our second alternative hypothesis was
that an increased number of calm periods led to decreases in larval mortality. To
test our hypotheses, we developed indices of storm events and distinct calm
periods using a global reanalysis wind product and compared them to larval
mortality rates estimated from 37 years of ichthyoplankton data. In the stable
ocean hypothesis, Lasker (1975) suggested that large increases in mortality due to
storms could affect recruitment. Thus, we tested the hypothesis that increased
mortality associated with storm events would decrease annual recruitment.
2.3 METHODS
2.3.1 TARGET SPECIES
Five fish species that spawn in the southern CCE were selected to estimate
larval mortality. These species were chosen because larvae of these species have
been identified in ichthyoplankton surveys of the CalCOFI program since 1951,
and program scientists have measured the lengths of those larvae. The larvae of
northern anchovy, Pacific sardine, Pacific mackerel, and jack mackerel are
typically found within the mixed layer and frequently near the surface (Ahlstrom
1959), while Pacific hake larvae inhabit the pycnocline near the bottom boundary
of the surface mixed layer (Ahlstrom 1959, Bailey 1982). Anchovy and hake are
winter and spring spawners, while both mackerels and sardine have protracted
spawning seasons typically initiating in winter and ending in late summer, with
mackerels tending to spawn later in winter near the transition to spring (Table
2.1, Moser et al. 2001). After larvae exhaust their yolk sac, there is a period of
irreversible starvation between 1.5 to 4 days for anchovy and Pacific mackerel
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(Lasker et al. 1970, Hunter and Kimbrell 1980, Theilacker 1986). We assume that
sardine and jack mackerel have similar starvation times because there are no
laboratory studies to provide these data. Pacific hake have a slower metabolism
adapted to deeper, colder waters extending their irreversible starvation period
from 6 to 12 days (Bailey 1982). These differing starvation times were used to set
a time length for wind events considered in our analyses.
Mortality was estimated using ichthyoplankton data collected by CalCOFI
from stations sampled within a 75-station pattern (also referred to as the core
CalCOFI region, Figure 2.1). However, only the years from 1979 to 2015 were
included to match the time period of the atmospheric reanalysis product.
CalCOFI cruises are scheduled for every quarter, with the exact dates variable
each year. The winter cruises typically occur in January and February, spring
cruises range from late March through early April, and the summer cruises occur
in July and August. The mean number of days sampled per year was 63 with a
standard deviation of 14.5. The CalCOFI sampling lines are approximately
perpendicular to the coast and extend about 400 km offshore on the northern end
of the core CalCOFI region and 700 km offshore on the southern end of the
region. Stations inshore of station 70 on each line are spaced 37 km apart, and
offshore stations are about 74 km apart. At each station, ichthyoplankton were
sampled using bongo nets, which had a mouth area of 0.4 m2 and 505-µm nylon
mesh and were obliquely towed to a depth of 212 m at 2 knots. On all lines and
inshore of station 80, vertical PairoVET net tows were used to capture fish eggs
and larvae. The PairoVET had a mouth area of 0.05 m2 and 150-µm nylon mesh
and were towed vertically from a depth of 70 m to the surface. Both nets were
equipped with flow meters to estimate the volume of water filtered during each
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tow. Fish eggs and larvae were identified to species, and larval lengths were
measured to the nearest tenth of a mm. The ichthyoplankton data used for each
species were limited to cruises conducted during the spawning season of each
species according to previously identified time periods (Moser et al. 2001) and
also verified from the data as periods with abundances that are greater than the
annual means (Table 2.1).
2.3.2 MORTALITY ESTIMATION
Before larval mortalities were estimated, several corrections for biases
were applied, and ages of larvae were approximated using species-specific
growth curves. Larvae were categorized into eight size classes, each with a span
of 1 mm, starting at 2.25 mm; larval lengths greater than 10.25 mm were
excluded to reduce potential avoidance bias (Lo 1983). The different sized
meshes of the bongo and vertical nets have dissimilar catch efficiencies in which
eggs and smaller larvae can be extruded through the mesh as the net is being
towed. Correction coefficients derived from comparison tows of nets with
smaller mesh sizes (Lo 1983, Lo et al. 2009) were applied to egg and larval counts
obtained from both net types (see Appendix A, Table A.1). A sized-based
correction for avoidance of the net by larvae was also applied, because as larvae
get larger, they have a greater ability to perceive and evade capture in
ichthyoplankton nets, especially during daytime tows compared to nighttime
tows. Avoidance (v) was estimated using a cyclic equation accounting for
catchability as a function of the time of day (Hewitt and Methot 1982):
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where h was the 24-hour time of day the net tow occurred, and Ds was a species
and size-specific avoidance correction (Table A.1). Because some species lacked
experimentally derived corrections and due to similarity of body size and
proportions, anchovy corrections for extrusion and avoidance were applied to
sardine, while corrections for jack mackerel were applied to both hake and
Pacific mackerel. A similar justification was used by Lo et al. (2009) for
application of the jack mackerel bias corrections and larval growth model in the
2009 Pacific mackerel stock assessment. The corrected egg and larval counts were
standardized to density per area to account for the volume of water sampled and
percentage of sample sorted. A standard haul factor and percentage of sample
sorted, both reported by the CalCOFI program, were used to standardize the
ichthyoplankton counts to the density of larvae integrated under each 10 m2 of
ocean surface (Kramer et al. 1972). The reported lengths of larvae were adjusted
for shrinkage of larval samples due to formalin preservation to approximate a
live length before ages were estimated (Table A.1). The ages of larvae were
calculated assuming species-specific, length-at-age relationships described by
published growth curves (Table A.2). Additionally, temperature-dependent eggincubation times (ti, expressed in days) were estimated with species-specific
parameters in a Laird-Gompertz growth equation:
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where t0 was the theoretical time in hours to hatch at temperature of 0ºC, d was
the ratio of incubation rate to exponential decay, b was the exponential decay
constant (Table A.1, Zweifel and Lasker 1976), and T is the CalCOFI Niskin bottle
mixed-layer temperatures from the stations where eggs were sampled (in
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degrees Celsius). The general form of the egg-incubation equation models is an
exponentially decreasing time to hatch with increasing temperature.
Ichthyoplankton can be spatially and temporally patchy, necessitating the
aggregation of larval data. The precision of mortality estimates is dependent
upon sample size (Lo et al. 1989), and thus following the procedure of Fissel et al.
(2011), larval densities within size classes were averaged into annual means.
First, larval densities per size class were aggregated across net types at each
station per cruise. Then the size-specific densities were averaged across cruises to
derive an annual, size-specific and station-mean density. These means were then
linearly interpolated in the R programming environment, version 3.4.3 (Akima
and Gebhardt 2016, R Core Team 2017), onto a grid corresponding to the
CalCOFI 75-station region at a resolution of 11 km (minimum distance between
stations is 2.5 km and the median is 55 km). Then, annual area-weighted means
of age-specific densities were calculated. Similarly, the demographic parameters
(i.e., egg incubation, age, and duration) per size class were linearly interpolated,
and annual means were calculated by weighting with corresponding
interpolated larval densities, or egg densities for egg incubation time, at each
location. These steps produced annual estimates of density, size-class duration,
and age for each size class of larvae and annual estimates of egg incubation
times.
The annually varying larval mortalities from the time of hatch were
estimated using an annual Pareto hazard function (Lo 1985). This model assumes
steady-state conditions within each spawning season in which there was no sizespecific bias to transport in or out of the study region, each age group was
sampled randomly, each cohort started out with the same number of larvae at
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hatching, mortality was constant within a season for each cohort, and natural
mortality was an exponentially decreasing function of larval age (Lo 1985). To
estimate larval mortality, annual daily larval production per size class (Ns) was
calculated by taking the yearly densities of larvae per size class (ds) divided by
the duration per size class (us), or number of days the larvae spend in that size
class, calculated from growth models:
E
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The subscript s indicates the parameter per size class. Additionally, mean age per
size class (As) and mean egg incubation time (ti) were used to estimate mortality.
The annual mortality equation:
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was fit to the data using the “nls” function (R Core Team 2017), which is a nonlinear least squares algorithm iterating among potential starting values and
minimizing the residual squared error, to estimate the mortality coefficient (β)
and production at hatch (P). A range of initial values for both β and P were
attempted; however, only results that had the least sum-of-square errors were
reported (Fissel et al. 2011).
In some instances, insufficient larval abundances prevented estimation of
mortality. This occurred under two conditions. First, β mortality coefficients were
not estimated if there were less than three of the eight size classes for one year.
Second, if there were no ichthyoplankton data for that year, mortality was not
estimated. For Pacific mackerel, there were eight years with no data and ten
years with insufficient data with less than three size classes. Sardine had three
years with no data and one year with insufficient data. Jack mackerel had one
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year with no data and three years with insufficient data. Hake had one year with
no data and two years with insufficient data.
The β coefficients were converted into daily instantaneous mortality rates:
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where t1 and t2 are the age of larvae in the first and last age class, respectively
(Peterman and Bradford 1987). The correlation of β coefficients and
instantaneous mortality rates calculated by equation (5) were high (r = 0.94, p <
0.05), and as a result instantaneous mortality rates were used in correlation
analyses.
2.3.3 STOCK ASSESSMENT OUTPUT
The most recent stock assessments for four of the five species were used to
estimate the potential effect of wind-induced larval mortality on recruitment. The
stable ocean hypothesis posits that high mortality in the larval phase would lead
to decreased recruitment for the cohort studied. Recruits per spawning stock
biomass was used as an indicator for survival of pre-recruit fish into the adult
biomass. Anchovy are not formally assessed, necessitating the use of a study that
estimated recruitment and spawning stock biomass from CalCOFI larval data
(Fissel et al. 2011). The anchovy time series ranged from 1981 to 2009, Pacific
hake series ranged from 1979 to 2015 (Edwards et al. 2018), and the Pacific
mackerel time series ranged from 1983 to 2015 (Crone and Hill 2015). The Pacific
sardine times series was a combination of two assessments to lengthen the
recruitment record and ranged from 1981 to 2015 (Hill et al. 2009, Hill et al. 2018).
The hake, sardine, and mackerel are managed by the Pacific Fishery
Management Council and undergo regular assessments.
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2.3.4 STORM AND CALM EVENTS
Wind events were identified using modeled wind output available from
the NOAA National Centers for Environmental Prediction Climate Forecast
System Reanalysis model (CFSR hereafter, Saha et al. 2010). The CFSR is a
coupled, data-assimilative, reanalysis product projected on a 0.5° × 0.5° global
grid with output saved at a 6-hourly temporal resolution. The wind output
during 1979 to 2015 and corresponding to the CalCOFI station grid were used to
identify distinct calm periods and storm events. Periods of windy conditions,
referred to here as storms, are not necessarily large, cyclonic storms (e.g.,
Graham and Diaz 2001), but conditions sufficient to mix the surface layer of the
ocean and influence the prey field of larval fishes. These periods were identified
as intervals when the wind speeds were equal or greater than a threshold of 10 m
s-1 for a minimum of 18 hours (and below this threshold for the preceding 96
hours). A minimum time period of 18 hours for sustained windy conditions was
used as a trade-off between the temporal resolution of the model output (i.e., 6hour time intervals) and half the inertial period at the latitudes of interest (i.e.,
20-24 hours at 30-35° N). The inertial period is important because the deepening
of the mixed layer as a result of energy supplied by wind stress will arrest due to
rotation after half the inertial period (Pollard et al. 1973). Thus, we believe that
this was a conservative timescale to ensure mixing of the surface layers. A wind
speed threshold of 10 m s-1 was chosen because winds above this threshold
produce turbulent mixing of the ocean surface layer (Simpson and Dickey 1981).
The preceding 96-hour calm period condition is a sufficient timescale in which
turbulence is minimized (Wroblewski et al. 1989) and in situ production or
aggregation allows plankton patches to form (Durham and Stocker 2012).
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A calm period was identified when the wind speed was below a threshold
of 10 m s-1 for a minimum of either four days for anchovy, sardine, and both
mackerels, or ten days for hake, and wind speeds were above the threshold
during the preceding 18 hours. Thresholds of four or ten days were used because
yolk-sac larvae must find food, or irreversible starvation occurs within four days
(Lasker et al. 1970, Theilacker 1986) or ten days for hake (Bailey 1982). Thus,
periods of these durations were considered sufficient to influence mortality rates.
The preceding 18-hour condition was the same wind-mixing timescale used for
storm event identification and thought to be sufficient to influence turbulent
mixing in the surface mixed layer. In order to adjust the sampling periods for
differing growth rates of these larval fishes, the maximum ages of each species at
the length cutoff of 10.25 mm were used for counting the number of storm events
or calm periods preceding CalCOFI station sampling (Table 2.2).
2.3.5 DATA ANALYSES
For comparison between wind indices and mortality estimates, annual
indices of wind events were calculated and weighted by larval densities at each
location. The larval weights were calculated at each CalCOFI station as the total
density across all sizes. Within a species-specific time window (equal to the
maximum estimated age of the larvae and preceding station occupation), the
numbers of storm events or distinct calm periods were counted. The maximum
age was used because the hypothesized wind mechanism would be most
applicable to the period when larvae were alive. While events that occurred
before the species-specific window could influence mortality through parental
effects or injection of nutrients into mixed layer for plankton production, the
connection would be less direct. Then, we calculated the mean number of events
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across all stations during the spawning season, weighted by the total larval
densities at the station. To investigate the influence of wind events on mortality,
we tested the correlation between our index of storm events and larval mortality,
and between our indices of calm periods and larval mortality. We examined the
influence of larval mortality on recruits per spawning stock biomass by testing
their correlation. The correlation between our wind indices were tested to
understand the relationship between our metrics. The correlation analyses were
performed using Pearson’s product moment correlation (coefficient denoted by
r), which assumes normal distribution for correlates, and assumes a linear
relationship. Annual instantaneous mortality rates and recruits per spawning
stock biomass were log transformed to meet normality assumptions of
correlation test. Linear regressions with the year as the independent variable
were performed on time series to assess temporal trends in the data. Pairwise
Wilcoxon rank sum tests were performed to assess the null hypothesis that there
are no differences in the distribution of mortality estimates between species.
Bonferroni corrections were applied to our significance threshold (a = 0.05) to
control type I error rates in Wilcoxon rank sum tests and Pearson correlation
analyses.
2.4 RESULTS
2.4.1 STORM AND CALM EVENTS
The spatial distribution of mean number of storm events and distinct calm
periods lasting at least four days per year illustrate the frequency of storm events
and calm periods in the southern CCE (Figure 2.1). The region with the greatest
number of distinct storm events coincided with the area that had the greatest
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number of distinct calm periods. The time series of unweighted wind metrics
demonstrate the variability of storms and calm periods during each species’
spawning periods (Figure 2). The number of calm periods was always greater
than the number of storms for all species except hake (Figure 2.2C). The longer
criteria for identifying a calm period for hake was due to the starvation timescale
used for this species and explains why the relative number of calm periods and
storm events differs from the other species considered. Wind event indices were
averaged each year across each the spawning season for each species, and there
was significant positive correlation among storm and calm indices for all species
except for hake (Table 2.2).
2.4.2 MORTALITY ESTIMATES
Plots of mortality estimates for all species display the interannual
variability for the 37 years of data examined in this study in which high β is
equivalent to high larval mortality (Figure 2.2). No significant linear trends were
present in any of the species’ β mortality coefficient time series. Although there
was no significant linear trend in the sardine β time series, consistently higher
than the overall median β were observed starting in 2009 with a reduction of β in
2013. Pacific mackerel had the most incomplete β time series (n = 19, Figure 2.2H)
with 18 years with either no or insufficient data to estimate β. Jack mackerel had
the highest median β of all species (median = 2.06, Figure 2.2J), and the
distribution of mortality β was significantly different (pairwise Wilcoxon sum
rank tests, p < 0.005) from all other species except Pacific mackerel (Table 2.3).
Hake had the lowest median β of all species (median = 0.97, Figure 2.2D), and the
distribution of mortality β was significantly different (pairwise Wilcoxon sum
rank tests, p < 0.005) than both mackerels (Table 2.3).
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2.4.3 CORRELATION ANALYSES
The Pearson correlation coefficients relating instantaneous mortality rates
to weighted-mean number of storm events were negative for all species, and most
were not significant using a Bonferroni correction to account for inflation of false
positives due to multiple testing (p > 0.005, Figure 2.3). However, the correlation
of storm events and Pacific hake instantaneous morality rates was negative and
significant (r = -0.57, p < 0.005). The correlation coefficients relating
instantaneous mortality rates and weighted-mean number of distinct calm periods
were mostly positive, except sardine (r = -0.13, p = 0.46) and Pacific mackerel (r =
-0.19, p = 0.43) were negative. However, all correlations between mortality and
number of calm periods were not significant (p > 0.005, Figure 2.3). In addition to
our analyses using the weighted wind metrics, when we did not weigh the event
indices across the CalCOFI region to larval densities, no correlation was
significant (p > 0.005) to any species’ daily instantaneous mortality rates (Figure
A.1).
The correlations between instantaneous mortality rates and recruits per
spawning stock biomass, which is metric of pre-recruit survival, are mostly nonsignificant (corrected p-value threshold = 0.013, Figure 2.4). The exception is for
Pacific hake that exhibits a negative and significant correlation (r = -0.43, p = 0.01,
Figure 2.4B), meaning that increased larval mortality rates were associated with
decreased recruitment per spawning stock biomass. Pacific mackerel also
exhibited negative, but non-significant correlation (r = -0.28, p = 0.25, Figure
2.4D). Pacific sardine is positive, but non-significant (r = 0.30, p = 0.10, Figure
2.4C). Additionally, all correlations comparing both wind metrics to recruits per
spawning stock biomass were non-significant (corrected p-value threshold =
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0.006, Figure 2.5). However, hake recruits per spawning stock biomass were
negatively correlated to the number of distinct calm periods per spawning
season (r = -0.34, p = 0.04, Figure 2.5D) while sardine (r = 0.37, p = 0.05, Figure
2.5F) and Pacific mackerel (r = 0.29, p = 0.10, Figure 2.5H) were positively
correlated to the number of distinct calm periods.
2.5 DISCUSSION
Our results do not support the hypothesis that increased occurrence of
storms during the larval period increases larval mortality rates of coastal pelagic
fishes. Thus, this analysis does not support the hypothesis that that storms
negatively influence recruitment, as suggested by Lasker (1975, 1978, 1981).
There were no significant relationships between storms and mortality estimates
for northern anchovy, Pacific sardine, Pacific mackerel, or jack mackerel. On the
contrary, storms that disrupt periods of calm may be beneficial for the survival of
Pacific hake (Figure 2.3C). While storms can induce turbulent mixing that may
inject nutrients into the euphotic zone favoring increased phytoplankton
production (Wroblewski and Richman 1987, Wroblewski et al. 1989), considering
the species composition of the plankton assemblage is vital; not all plankton
species will support larval fish growth equally (Lasker et al. 1970, Arthur 1976,
Lasker 1978). Phytoplankton taxa such as diatoms tend to benefit from increased
turbulence and nutrient injection (Margalef 1978). However, none of the five
larval fishes examined in this study are known to feed on diatoms for a large
portion of their diet. The original stable ocean hypothesis posed by Lasker (1975,
1978, 1981) focused on phytoplankton as a primary food source for first feeding
anchovy larvae. The responses of other prey taxa, such as copepods favored by
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larval hake and mackerels, to wind-induced turbulence are not well understood
and thus should be examined further.
The preferred larval food sources for the five species in this study provide
some insight to how winds could influence early life history survival. Overall, a
large portion of the diets for these larval fishes consists of copepod eggs, nauplii,
copepodites, and adult copepods (Hunter and Kimbrell 1980, Sumida and Moser
1980, Robert et al. 2013). Anchovies are known to feed on copepod early life
stages, though 21% of their diet can be small phytoplankton including
unarmored dinoflagellates (Lasker et al. 1970, Arthur 1976). The diet of larval
sardines tends to be similar to that of anchovies, but more reliant upon
crustaceans and mollusc larvae (Arthur 1976, Robert et al. 2013). The mackerels
have the highest metabolic requirements of the species considered, necessitating
abundant copepods of larger sizes as prey (Arthur 1976, Hunter and Kimbrell
1980). Other species of mackerels–in the size ranges considered in this study–
consume larval fishes as a large portion of their diet (Llopiz and Hobday 2015).
Larval hake have a slower metabolic rate, living in colder waters beneath the
base of the mixed layer where they adopt an opportunistic feeding strategy and
feed upon all copepod life history stages (Sumida and Moser 1980). Diet studies
of larval fishes are limited by potential bias, and Robert et al. (2013) argued that a
lack of knowledge of larval diets limits testing of the “critical period” hypothesis
of which the stable ocean hypothesis is derived (Lasker 1975).
If storm-induced mixing disrupts or dilutes patches of phytoplankton or
zooplankton, then all larval fishes could be susceptible to increased starvation
rates following mixing events. However, negative effects of mixing could be
offset by enhanced contact rates between these inexperienced predators and their
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planktonic prey (MacKenzie and Leggett 1991, MacKenzie et al. 1994). Further,
motile plankton, including fish larvae, may migrate downward to avoid
turbulence (Franks 2001). Storm-induced turbulence may increase contact rates
between predator and prey and provide increased opportunity for feeding to
satisfy the high-metabolic requirements of larval Pacific mackerel. Larval hake,
residing at the base of the mixed layer (Ahlstrom 1959, Bailey 1982), may benefit
from turbulence avoidance by prey in the mixed layer; prey swimming
downward may become susceptible to predation by larval hake (Franks 2001).
These mechanisms may explain the observed decreases in mortality for larval
Pacific hake and Pacific mackerel with increased number of storms. For the
northern anchovy, Pacific sardine, and jack mackerel, the tradeoffs between food
supply and turbulence suggests that there may be no clear relationships between
larval fish survival and stormy or calm conditions from a food and feeding
perspective, supporting our null hypothesis for these three species.
Previous research conducted on northern anchovy provided the initial
evidence used to formulate the stable ocean hypothesis (Lasker 1975, 1978, 1981).
A stable water column with little turbulent mixing in addition to suitable
planktonic food for larval anchovies were associated with strong year classes
recruiting into the adult spawning population (Lasker 1981). Modeling
experiments parameterized for anchovies produced additional support for a
mechanistic link between wind-induced mixing, plankton production, and larval
anchovy growth and survival (Wroblewski 1984, Wroblewski and Richman 1987,
Wroblewski et al. 1989). Initial mixing due to storms can redistribute plankton
throughout the mixed layer and reduce phytoplankton production due to light
limitation with a combined result that all storm events were found to increase
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larval mortality (Wroblewski et al. 1989). Our analyses do not provide
observational evidence to support the notion that periods of calm proceeded by
storm mixing significantly decrease rates of larval mortality.
Our results for anchovy are not consistent with previous research that
used mortality rates estimated from CalCOFI ichthyoplankton data and a
derived wind-event metric (Peterman and Bradford 1987, PB87 hereafter). The
authors found that the larval mortality rates of northern anchovy decreased as
the number of consecutive four-day calm periods increased during the spawning
season. The authors concluded that calm conditions were a proxy for
oceanographic conditions suitable for larval survival, thus in agreement with the
stable ocean hypothesis. But while the methods used by PB87 and for our study
were similar, the results differed. The same method was used to calculate
mortality rates (the mortality estimates in PB87 were originally published in Lo
1985) and data from the same months were used in the estimation. However, the
subset of ichthyoplankton collections considered for the analyses differed (1979
to 2015 for our current study and by 1951 to 1982 for PB87). Further, our wind
metrics were derived from a global reanalysis model that assimilated available
observations from multiple parameters including wind and atmospheric
pressure fields, whereas PB87 used a wind product derived from daily, synoptic
pressure-field analyses.
In addition to anchovy, Butler (1991) examined the applicability of the
stable ocean hypothesis for larval Pacific sardine using similar mortality methods
as our study and the same index of calm periods as PB87. Butler obtained similar
results as ours, finding no association between larval survival and the number of
calm periods. Butler (1991) focused on ichthyoplankton collections from 1951 to
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1967 and from all months instead of just the spawning season, and a single
location with marine wind observations at 30°N and 116°W was used to calculate
the calm periods for analyses. Collectively, the major difference between our
study and previous efforts was the definition of wind events used for analyses.
We considered sequences of events (with a required period of calm preceding a
storm event, and similarly, a period of high winds before a calm period
consistent with Wroblewski et al. 1989), while others examined overlapping
events with wind speeds below a threshold (i.e., PB87, Butler 1991). The
comparability across studies is difficult because different wind data were used,
and different years were examined. However, we believe our wind metrics more
accurately reflect water-column mixing and stability relevant to ichthyoplankton.
Field and laboratory studies examining the role of turbulence and larval
fish survival suggest that the mechanisms are complex and species specific. For
example, encounter rates for cod and herring larvae in varying degrees of
turbulence was related to each species’ search strategy (MacKenzie and Kiørboe
1995). Cod larvae, similar morphologically to larval hake and mackerels, use a
pause-travel-search strategy limiting contact rates in calm conditions but contact
increases in turbulent conditions. Herring larvae, similar morphologically to
larval anchovy and sardine, employ a cruise-search strategy where encounter
rates increase with increased turbulence but not significantly more than calm
conditions. Thus, cod-like larvae may benefit more from increased turbulence.
However, larger encounter rates do not equate to increased feeding because
increased turbulence was linked to a reduction of pursuit success (MacKenzie
and Kiørboe 2000). Laboratory studies examining the feeding of larval Japanese
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flounder (Paralichthys olivaceus, Oshima et al. 2009) and Pacific bluefin tuna
(Thunnus orientalis, Kato et al. 2008) determined a domed-shaped response of
larval survival and turbulence such that an optimal level of turbulence can be
beneficial for larvae. The European anchovy (Engraulis encrasiolus) showed
increased incidence of starvation conditions with increased winds (Bergeron
2000). Moreover, simple wind-indices have been linked to reduced stomach
fullness (Huusko and Sutela 2006) and reduced recruitment (Marjomäki et al.
2014) in freshwater fishes. Conversely, changes in larval anchovy mortality after
wind mixing was not observed (Owen et al. 1989, Coombs et al. 2003) and
feeding preferences can be adaptive to changes in zooplankton community
composition after wind-mixing events (Conway et al. 1998). Thus, the influence
of wind-induce turbulence on larval survival is complicated, and the importance
of wind events is species specific.
Our results support the idea that larval mortality is not a strong indicator
of recruitment potential for three of the species studied. The absence of
correlations between larval mortality and recruits per spawning stock biomass
suggests that survival in the larval phase is not a strong predictor of recruitment.
Previous studies have not found a direct link between early larval mortality and
survival of pre-recruits into the adult stage (Peterman et al. 1988, Butler 1991,
Watanabe et al. 1995), and some evidence suggests that mortality in the juvenile
phase is more important than earlier in the life history (Leggett and DeBlois
1994). However, our results indicate a strong negative correlation between larval
mortality and survival of pre-recruits of Pacific hake, consistent with previous
results in the region (Hollowed 1992). Pacific hake have a different life history
strategy living deeper in the water column (Bailey 1982) and further offshore
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(Moser et al. 2001). There was not a strong effect of larval mortality on survival of
pre-recruits across species in our analyses, and it is likely that the relationship
between the two was obscured by processes in the juvenile phase not considered
here.
There are several limitations to this study, potentially biasing our
interpretation of the data. The “critical period” may not be as important but
rather match/mismatch with appropriate prey might be more influential for
larval survival (Cushing 1974). Moreover, the mortality in the larval stage is not
strongly associated with survival to recruitment demonstrated by correlations to
pre-recruit survival (Figure 2.4). Our correlation methods were limited to testing
for linear relationships between variables. In fact, many biological responses are
non-linear and cannot be adequately described by linear models; however, we
are not aware of a specific non-linear functional form describing the relationship
described by the stable ocean hypothesis. As a result, we limited our analyses to
linear methods. The method used to estimate mortality does not consider distinct
sources of mortality; predation may bias our estimates of age-dependent
mortality. For example, a size-selective predator removing larger and typically
older larvae would bias the results, increasing our estimates of mortality. While
predation is an important source of mortality, it is difficult to quantify (Hewitt et
al. 1985, Theilacker et al. 1993). Several assumptions were made in order to
estimate larval mortalities because some species-specific values are not currently
available. Specifically, net bias corrections for anchovy were used for sardine.
Corrections for hake were used for both mackerels because the respective species
have similar larval proportions, and we assumed that the morphological
similarities translates into similar net biases (Moser 1996). Furthermore,
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information on growth rates for larval mackerels is lacking in the published
literature, resulting in the growth model for Pacific mackerel being also applied
to jack mackerel (Lo et al. 2009). The knowledge gap concerning species-specific
growth rates adds additional uncertainty to estimates of age; however, the
mortality model requires some approximation of age to estimate removal rate
over time. For Pacific mackerel, eight years did not have sufficient data to
estimate mortality. It is possible that years with insufficient data may represent
years of high mortalities; however, our mortality framework does not account for
this potential. Other possibilities include reduced spawning, or a spatial or
temporal shift in spawning outside the region sampled by CalCOFI.
The wind forcing in the CCE is important to overall ecosystem
productivity. The synoptic weather patterns of storm events and calm periods as
broadly defined in this study demonstrated patterns that may seem
counterintuitive at first glance. For example, the wind metrics describing the
number of storms and calm periods were positively correlated (for all species
except for hake) instead of an expected negative correlation where a year with
increased storms has a decrease in the number of calm periods. This is because
our storm metric required a period of low wind speed as a condition prior to a
storm event with wind speeds over our threshold (Table 2.2). Thus, our criteria
identified distinct storm events that coincided with calm periods of minimum
length. This was not the case with hake, because the calm-period criterion was
ten days. There were no linear trends in the number of events over time, making
it difficult to extrapolate the potential effect that climate change may have on
wind events in this region. Nonetheless, changes to the future wind patterns due
to climate change can have significant implications for the CCE, with most
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analyses reporting a decrease in the intensity of winds and frequencies of storms
in the southern portion of CCE (Graham and Diaz 2001, Yin 2005, Rykaczewski
et al. 2015).
2.6 CONCLUSIONS
The reversal of the relationship between storms and mortality for hake
was unexpected, and the lack of clear correlations between calm periods and
mortality rates questions the hypothesized mechanism outlined by the stable
ocean hypothesis. If calm periods do not affect larval fish survival, then do
oceanographic conditions associated with calm periods conform to assumptions
of the stable ocean hypothesis? For example, the stable ocean hypothesis
proposes that dense concentrations of phytoplankton are dependent on low
wind speeds and support conditions suitable for larval fish foraging. Storms
stimulate water-column turbulence that can dilute this prey field, reducing the
foraging success of individual larval fishes and translating into increased cohortlevel mortality. Are such dynamics supported by the body of historical biological
and biogeochemical observations in the region? Dense concentrations of
phytoplankton rarely exist in turbulent surface layers (Durham and Stocker
2012); however, the seasonal occurrences of such conditions and the timescales
between wind events and phytoplankton-layer formation are not well
understood. Atmospheric reanalyses combined with the CalCOFI dataset or
other depth-resolved oceanographic datasets could be leveraged to explore these
processes and would be a logical next step. Investigating the assumption that
winds influence the fisheries productivity of the oceans (as the stable ocean
hypothesis posits) would provide valuable insight into our understanding of
ecosystem sensitivity to synoptic atmospheric conditions and may improve use
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of physical data in forecasting relevant environmental conditions for the
management of living marine resources.
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Table 2.1 Spawning periods for each of the fish species included in this study and
the CalCOFI cruises from which data were used. Spawning periods and peaks
were determined from previous published time frames (Moser et al. 2001) and
verified from egg and larval densities. Mean densities per month across years
were determined, and months that had values greater than the yearly mean
value were considered spawning months.
Species (scientific
name)

Spawning period (peak)

CalCOFI cruises
included

northern anchovy
(Engraulis mordax)

January – May (February and
April)

Winter, spring

Pacific hake
(Merluccius productus)

January – April (February)

Winter, spring

Pacific sardine
(Sardinops sagax)

January – September (March
and April)

Winter, spring,
summer

Pacific mackerel
(Scomber japonicus)

March – October (May)

Winter, spring,
summer

jack mackerel
(Trachurus
symmetricus)

February – September (June)

Winter, spring,
summer
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Table 2.2 Comparison of wind metrics used for each species. The criteria for
identifying storms and distinct calm periods are shown in addition to the
maximum larval ages (in days) used per species to define the window prior to a
CalCOFI station occupation over which the number of storms or calm periods
are summed. The Pearson correlation coefficients and corresponding p-values
comparing the storm and calm events are shown.
Species
name

Storm metric

Calm metric

northern
anchovy

Wind ³ 10 m/s for
12 hours,
Winds < 10 m/s
for four days
pervious

Wind < 10 m/s
for four days,
Winds ³ 10 m/s
for 12 hours
pervious

23 days

0.52

< 0.01

Pacific
hake

Same as anchovy

Wind < 10 m/s
for 10 days,
Winds ³ 10 m/s
for 12 hours
pervious

34 days

-0.05

0.78

Pacific
sardine

Same as anchovy

Same as anchovy

18 days

0.63

< 0.01

Pacific
mackerel

Same as anchovy

Same as anchovy

20 days

0.64

< 0.01

jack
mackerel

Same as anchovy

Same as anchovy

19 days

0.65

< 0.01
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Max age Correlation

p-value

Table 2.3 Pairwise Wilcoxon rank sum test results comparing the distribution of
mortality coefficients across species. The Bonferroni corrected p-value threshold
was 0.005. The median b for each species is listed on the bottom row for
reference.
Anchovy

Hake

Sardine

Pacific
mackerel

Hake

0.322

Sardine

0.648

0.171

Pacific
mackerel

0.015

< 0.005

0.065

Jack
mackerel

< 0.005

< 0.005

< 0.005

0.249

Median b

1.115

0.970

1.247

1.615
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Jack
mackerel

2.069
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Figure 2.1. California Cooperative Oceanic Fisheries Investigations (CalCOFI) survey stations (orange circles)
projected onto spatial maps of wind event metrics. Ichthyoplankton data used in this study were collected at
these stations from 1979 to 2015. (A) Mean number of storm events per year using CFSR 6-hourly wind output.
(B) Mean number of distinct calm periods per year using a minimum of 4 days as a time threshold for event
identification. Delineations for color scale are 25, 50, 75, and 100% quantiles. Map data downloaded from
Natural Earth free vector and raster map repository.
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Figure 2.2. Time series plots comparing wind event indices (left column) and
annual estimates of larval mortality (right column) for northern anchovy (A-B),
Pacific hake (C-D), Pacific sardine (E-F), Pacific mackerel (G-H), and jack
mackerel (I-J). The mean number of storm events (gray circles) and calm periods
(black triangles) were identified at the locations corresponding to the CalCOFI
sampling grid during each species respective spawning season using CFSR 6hourly wind output. The dotted line is the median number of calm periods year 1
, and the dashed line is the median number of storms year -1. Pearson correlation
I coefficients and associated p-values comparing storm to calm indices are at the
top of each plot. Plots in the right column are annual estimates of larval mortality
(β) calculated with equation 4 using “nls” function in the R programming
environment, vers. 3.4.3 (R Core Team 2017). The error bars are one standard
error to indicate goodness of fit of the model to the data. The dashed line is the
overall median β across all years.

47

48

Figure 2.3. Scatterplots displaying estimated daily instantaneous mortality rates
from equation 5, northern anchovy (A-B), Pacific hake (C-D), Pacific sardine (EF), Pacific mackerel (G-H), and jack mackerel (I-J), and wind event metrics. The
weighted-mean number of storms (gray circles) are in the left column and the
weighted-mean number of calm periods (black triangles) are in the right column.
Pearson correlation coefficients I are displayed on the top of each plot and
corresponding p-values. Bonferroni correction was applied (corrected p-value
threshold = 0.005).
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Figure 2.4. Annual instantaneous mortality rates correlated to number of recruits
per spawning stock biomass (SSB) retrieved from the most stock assessments for
(A) northern anchovy, (B) Pacific hake, (C) Pacific sardine, and (D) Pacific
mackerel. Pearson correlation coefficients I are displayed on the top of each plot
and corresponding p-values. Bonferroni correction was applied (corrected pvalue threshold = 0.013).

50

51

Figure 2.5. Scatterplots displaying annual number of storm events (left column)
and calm events (right column) over the spawning season for each species,
northern anchovy (A-B), Pacific hake (C-D), Pacific sardine (E-F), and Pacific
mackerel (G-H), versus recruits per spawning stock biomass (SSB). Pearson
correlation coefficients I are displayed on the top of each plot and corresponding
p-values. Bonferroni correction was applied (corrected p-value threshold =
0.006).
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CHAPTER 3
THE EFFECTS OF EPISODIC WIND-EVENT MIXING ON VERTICAL
CHLOROPHYLL STRUCTURE IN THE SOUTHERN CALIFORNIA CURRENT
ECOSYSTEM
3.1 ABSTRACT
Larval fish are thought to benefit from stable water column conditions that
facilitate the formation of plankton layers, which can serve as foraging habitat.
Disruption of these plankton structures by episodic wind events is hypothesized
to increase larval fish mortality rates due to degraded feeding conditions.
Previous work, however, found no association between wind events and larval
mortality rates motivating an examination of the connections between episodic
wind events and plankton layers. Here, vertical chlorophyll profiles were used to
identify chlorophyll structures that indicative of high densities of phytoplankton
and that may serve as larval fish foraging habitat. Wind events were also
identified from reanalysis model output within five days of chlorophyll profiles.
The occurrence of vertical chlorophyll structure thought to be beneficial to larval
fishes decreased with the presence of wind events. Furthermore, the magnitude
of the subsurface chlorophyll maxima decreased when associated with wind
events. The results were consistent with expectations that mixing induced by
atmospheric forcing can disrupt concentrations of phytoplankton potentially
serving as forage for larval fishes.
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3.2 INTRODUCTION
Subsurface chlorophyll maximum layers (SCML) are hypothesized to be
critical habitats for many herbivorous and omnivorous plankters, including
larval fishes. High densities of phytoplankton within SCML can provide foraging
opportunities and sufficient ingestion rates to support the growth and survival of
these grazers. The persistence of SCML over time scales necessary to influence
larval fish survival is sensitive to wind-induced mixing. Intense mixing is
hypothesized to homogenize high densities of phytoplankton cells by disrupting
the vertical structure of the water column, potentially increasing starvationinduced mortality in larval fishes that rely upon these plankters. The stable ocean
hypothesis (SOH) was developed to describe the mechanisms linking the
stability of the ocean to larval fish survival (Lasker 1975, 1978, 1981). Periods of
low wind speeds are conducive to the formation of SCML and can facilitate
increased larval fish survival (Peterman and Bradford 1987, Wroblewski et al.
1989), while wind events, defined as wind speeds over a certain threshold
occurring for a minimum time frame that deepens the surface mixed layer, can
destroy SCML, diluting plankton aggregations and increasing starvation-related
mortality (Lasker 1975, Wroblewski et al. 1989). Recent research using indices of
wind events in the southern California Current Ecosystem (CCE) as proxies for
mixing found that calm periods had no discernable effect on larval mortalities of
the five fish species analyzed (Turley and Rykaczewski 2019, also see Chapter 2).
The results further indicated that the survival of one of these species, Pacific hake
(Merluccius productus), exhibited increased survival with greater incidence of
wind events. While it is difficult to partition mortality into specific sources, the
results question the SOH and its broad applicability to fishes that spend their
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early life history stages in the pelagic ocean. These findings motivate my efforts
to further investigate the relationships between wind events and the vertical
structure of phytoplankton in the CCE.
The mechanisms of the SOH relating larval survival to the occurrence of
wind events is dependent upon a set of necessary and sufficient conditions.
Lasker (1975) speculated that SCML are a sufficient condition for larval survival
of the northern anchovy (Engraulis mordax) because these layers can provide
elevated food densities that stimulate feeding by early-stage larvae. Periods of
low turbulence can be associated with the formation and persistence of relatively
shallow SCML (Cheriton et al. 2009, Steinbuck et al. 2010), while strong wind
events mix the ocean’s surface layer, potentially diluting areas with high
densities of planktonic cells (Lasker 1975). Wind events can be a sufficient
condition to increase larval mortality (Peterman and Bradford 1987, Wroblewski
et al. 1989); however, not all events equally influence the water column and the
plankton distribution (Pollard et al. 1973, Mullin et al. 1985). Physical structuring
of communities aside, appropriate forage species are necessary to support
growth and survival of larval fishes (Lasker et al. 1970, Lasker 1981, Conway et
al. 1998).
Primary production and species composition are dependent, in part, upon
nutrient supply to the euphotic zone. As a result, the injection of nutrients in the
euphotic zone by wind-event mixing may be sufficient to influence larval fish
survival. It is likely that event-scale nutrient entrainment due to wind mixing
becomes vital in nutrient-poor conditions or in areas where seasonal wind
forcing is minimal (Eppley and Renger 1988). For example, in the Southern
California Bight where coastal upwelling is low, winter storm mixing may be the
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main source of nutrients supplied to the surface layers (Mantyla et al. 2008). As a
result, wind mixing and nutrient injection by storms are necessary to support
local new production during the late summer and early fall when stratification is
high; however, the likelihood of a wind event during this time of year is low
(Figure 3.1). This area is also a location of spawning for several commercially and
ecologically relevant fishes including the northern anchovy (Engraulis mordax),
Pacific sardine (Sardinops sagax), Pacific hake, Pacific mackerel (Scomber
japonicus), and jack mackerel (Trachurus symmetricus, Moser et al. 2001).
In this study, I considered specific SCML referred to as vertical
chlorophyll structure (VCS). These features are a subset of subsurface
chlorophyll maxima, and as a result, not all SCML were considered VCS in this
study. The features I referred to as VCS meet intensity and depth criteria that are
hypothesized to be appropriate for successful foraging by larval fishes and also
be vulnerable to episodic wind mixing. These distinctions are important because
the average concentrations of plankton are too low to support adequate feeding
by larval fishes except in patchy distributions like VCS (Lasker 1975). I will use a
minimum chlorophyll concentration threshold vital for the feeding of larval
anchovy as the SOH threshold (Lasker 1975, Cullen and Eppley 1981) to serve as
a reference to classify water-column structures. Chlorophyll maxima are often
biomass maxima, and I am cognizant that high levels of chlorophyll are not
always indicative of biomass or phytoplankton cell density; however, I make this
assumption for this study. I asked four questions to examine the importance of
episodic wind events to VCS: (i) was the occurrence of VCS less frequent when
there were wind events? (ii) Were the maximal chlorophyll concentrations
associated with VCS during windy periods lower than the maxima when there
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were no wind events? More specifically, (iii) were the maximal chlorophyll
concentrations less than the SOH threshold when there were wind events? And
lastly, (iv) were there increases in mixed-layer nitrate concentrations during
periods that were proceeded by wind events?
3.3 METHODS
3.3.1 CALCOFI CTD DATA
Chlorophyll fluorescence, seawater density, and nitrate were retrieved
from data collected during quarterly cruises performed by the California
Cooperative Oceanic Fisheries Investigations (CalCOFI) within the CCE. The
cruises occupy stations in a grid pattern in which sampling lines are roughly
perpendicular to the coastline, extending approximately 400 km offshore on the
northern end of the CalCOFI region and 700 km offshore on the southern end.
On each line, stations inshore of about 200 km are spaced 37 km apart, and
offshore stations are about 74 km apart (McClatchie 2014). At the core of the
CalCOFI program is the hydrographic bottle sampling that has been ongoing
since 1951, and conductivity, temperature, and depth (CTD) data have been
collected since 1993. The standard cruise sampling setup includes a CTD sensor
suite with a fluorometer for chlorophyll estimation and, since November 2004, an
in situ ultraviolet spectrophotometer (ISUS) nitrate sensor inside a rosette
housing 24 10-liter Niskin bottles. The CalCOFI program has used Seabird 911 or
911+ CTD systems for all data collection, logged at 24 hertz, and post-processed
into 1-meter bins.
3.3.2 VERTICAL CHLOROPHYLL STRUCTURE
To determine whether there were VCS in the water-column profiles
sampled by CalCOFI, SCML were identified and classified as having structure or
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not. Not all CTD data collected by CalCOFI has been post-processed and quality
controlled, therefore only data that was post-processed from year 1998 and from
2004 through 2015 was used. The latter temporal limit corresponded to the limit
of the most recent atmospheric reanalysis data used to identify wind events. The
raw voltage data from the fluorometer were calibrated using chlorophyll
concentrations determined from filtered water samples obtained from the Niskin
bottles (Yentsch and Menzel 1963). To identify VCS, only the greatest chlorophyll
value that is also shallower than the maximum of the climatological mixed-layer
depth (MLD) for that station was considered. Furthermore, two criteria of VCS
were used to examine the occurrence of suitable conditions for larval fish
foraging. The first criterion of VCS were peaks in chlorophyll concentration that
were equal or greater than three times the relative background intensity. The
second criterion was more stringent, requiring both the first criterion and the
additional requirement that the magnitude of the chlorophyll concentration be
greater or equal to 2 µg l-1. This concentration corresponds to a threshold for firstfeeding larval anchovies to successfully forage in situ on the dinoflagellate
Gymnodinium splendens, which was identified as a vital food species for larval
anchovies (Lasker 1975, Cullen and Eppley 1981). The boundaries of an
individual VCS were defined as depths in which chlorophyll fluorescence was
equal or greater than 1.5 times the median of the fluorescence that were
shallower and deeper than the maximum chlorophyll value. Using these
boundaries, a background chlorophyll concentration (µg l-1) was estimated as the
linear interpolation of the lowest chlorophyll values on the upper and lower
portions of the chlorophyll profile. This method was a modification of an
algorithm to detect thin layers of chlorophyll from fluorescence profiles at higher
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resolution (Sullivan et al. 2010). The relative intensity of a chlorophyll peak was
calculated as the peak intensity divided by the background concentration.
In addition to identifying VCS with the fluorometer data, several other
parameters were calculated from the CTD data. The MLD was estimated as the
depth that the density deviated from the surface value by 0.01 kg m-3. The mean
nitrate concentration (µmol l-1) within the MLD was also calculated. Nitrate was
estimated from the continuous ISUS voltage data (Johnson and Coletti 2002) after
calibration against estimates derived from Niskin bottle samples using a
modification of methods used by Armstrong et al. (1967).
3.3.3 IDENTIFYING WIND EVENTS
Episodic wind events were identified using 6-hourly, modeled wind
output available from the NOAA National Centers for Environmental Prediction
Climate Forecast System Reanalysis model (CFSR hereafter, Saha et al. 2010). The
CFSR is a data-assimilative reanalysis product available on a 0.5° × 0.5° global
grid. Wind output from 1998 and 2004 through 2015 that corresponded to the
CalCOFI station grid was used. Individual wind events were identified as
intervals with wind speeds equal to or greater than a threshold of 10 m s-1 for a
minimum of 12 hours, but below this threshold for the preceding 24 hours. A
wind speed threshold of 10 m s-1 was used because winds above this threshold
produce turbulent mixing of the ocean surface layer (Simpson and Dickey 1981).
The specification of a preceding 24-hour calm period is a sufficient timescale in
which turbulence is minimized (Wroblewski et al. 1989) and in situ production or
aggregation allows plankton patches to form (Durham and Stocker 2012).
Additionally, strong winds had to blow for a minimum of 12 hours to be
classified as a wind event; this duration was a tradeoff between the temporal
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resolution of the model and half the inertial period. After half the inertial period,
mixed-layer deepening arrests due to rotation (Pollard et al. 1973). Only wind
events that preceded the CTD casts within five days were considered in the
analyses. The number of episodic wind events were used to examine frequency
and duration of events. For further analyses of wind events with water-column
data, a presence/absence response was used (i.e., wind events or none).
3.3.4 STATISTICAL ANALYSES
Contingency tables were constructed for both definitions of VCS, which
were the total number of fluorometer profiles in the presence or absence of VCS
and in the presence or absence of a wind event associated with a CTD profile.
The contingency tables were analyzed using Fisher’s Exact Test (one-tailed test)
for proportions. Fisher’s Exact Test (one-tailed test) was also used to test whether
there was a decrease in the number of profiles with peak chlorophyll
concentrations above the 2-µg l-1 threshold due to the presence of wind events.
The peak chlorophyll concentrations and mixed-layer nitrate were analyzed
using pairwise Wilcoxon Sum Rank Tests on a monthly basis to determine
whether the time of year was an important factor for potential differences
between distributions of either parameter due to the occurrence of wind events.
All data analyses were performed in the R statistical programming environment
(R Core Team 2018).
3.4 RESULTS
3.4.1 WIND EVENT IDENTIFICATION
The presence of wind events occurring during five-day windows prior to
CalCOFI station occupation varied from about 30 percent of the CTD casts in the
summer and fall to about 80 percent in March (Figure 3.1). As the number of
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events increased within the five-day window, mean duration of the wind events
decreased. Thus, the durations of wind events were seasonally dependent, with
short bursts common in the active coastal upwelling season in spring, and fewer
but longer wind events more prevalent in the winter and fall.
3.4.2 VCS SPATIAL DISTRIBUTIONS
In aggregate, the proportion of fluorometer profiles that met VCS criteria
one and two were spatially variable (Figure 3.2). There was a high proportion of
chlorophyll structure per profile using criterion 1 in the southern portion of the
core CalCOFI area relative to the northern part of the region (Figure 3.2A). The
area extending from the coast at Pt. Conception southward into the bight had the
lowest proportion of structure per profile. The spatial distribution of VCS per
profile using the second criterion was similar to the first criterion in that there
was a high proportion of fluorometer profiles exhibiting chlorophyll structure in
the southeast portion of the region (Figure 3.2B). There were low levels of
structure nearshore of Pt. Conception and on the CalCOFI sampling line
perpendicular to that location. The lowest proportion of structure was far
offshore near the edge of the CalCOFI region and south of Santa Rosa Island
extending in a meandering trail to the southwest.
Overall, the addition of the second criterion (i.e., peak chlorophyll
concentrations must equal or exceed a 2-µg l-1 threshold) reduced the fraction of
fluorometer profiles classified as having VCS with a greater impact in the
offshore, more oligotrophic region than in the nearshore, more eutrophic region.
The addition of the second criteria reduced the fraction of profiles classified as
having VCS by about 80% in the offshore areas, while the reduction in the
nearshore areas was about 40%.
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3.4.3 WIND EVENTS, VCS, AND MIXED-LAYER NITRATE
A total of 3439 fluorometer casts were analyzed in this study. When
applying the first criterion to identify VCS, 835 profiles exhibited structure.
About half (54%, or 452) of those structured profiles occurred when there were
no wind events, while 383 occurred when there were wind events preceding the
fluorometer cast. For the remaining 2604 casts which did not exhibit VCS, about
half of the casts (53%, or 1370) were preceded by wind events while 1234 were
not associated with wind events. Applying the second criterion was more
stringent. Of the 3439 fluorometer casts, only 306 exhibited structure with
chlorophyll concentrations above the SOH threshold. Of these 306, the majority
(63%, or 193) occurred under calm conditions, while 113 were preceded by wind
events. For the remaining 3133 casts that did not exhibit structure, 52% were
preceded by wind events, and 48% were preceded by calm periods.
There were significant decreases in the proportion of fluorometer profiles
exhibiting VCS when the profiles were preceded by wind events (Figure 3.3,
Fisher’s Exact Test, p < 0.01). When the spatial distribution of the VCS was
examined, there was a reduction in the proportion profiles exhibiting VCS where
there were wind events proceeding the station occupation compared to no wind
events (Figure 3.4). Overall, 52% of the stations exhibited reductions in VCS
when the profiles were preceded by wind events. However, this result exhibits
clear regional variability within the CalCOFI domain. While 62% of the stations
nearshore showed a reduction in the occurrence of VCS when wind events
immediately preceded fluorometer casts, only 37% of the offshore stations
exhibited a reduction in VCS following wind events.
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The distributions of peak chlorophyll concentrations during the
occurrence of wind events and no events were significantly different, and the
median value of the peak chlorophyll distribution was lower when the profiles
were preceded by wind events in comparison to when wind events were absent
(Wilcoxon Sum Rank Test, p < 0.01). Furthermore, when the 2-µg l-1 feeding
threshold was included, there was a significantly greater proportion of profiles
above the threshold in the absence of wind events (Fisher’s Exact Test, p < 0.01).
The monthly distributions of chlorophyll maximum concentrations proceeded by
wind events were significantly lower compared to months without wind events
(Figure 3.5, Wilcoxon Sum Rank Test, p < 0.01). The distributions of chlorophyll
maxima in February, April, and October were not significantly different (p >
0.01); however, April chlorophyll maximum concentrations were lower when
proceeded by wind events at a less stringent significance cutoff (p < 0.05).
The distribution of nitrate concentrations in the MLD was significantly
higher for CTD casts that were preceded by wind events compared to casts that
were not (Wilcoxon Sum Rank Test, p < 0.01). This relationship, however, was
closely associated with the seasonal cycle. March and April were the months
with the most frequent wind events, and these were also the months with the
highest nitrate concentrations in the MLD. When examining the relationship
between wind events and MLD nitrate within individual months, it was only
January that exhibited a significant increase in median MLD nitrate following
wind events (Figure 3.6, Wilcoxon Sum Rank Tests, p < 0.01). None of the
comparisons for the other months were significant (p > 0.01). Overall, the
changes in mixed layer nitrate were due to the seasonal cycle (Figure 3.6) and
matched that of winds events (Figure 3.1).
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3.5 DISCUSSION
The purpose of this chapter was to examine the links between wind events
and the vertical structuring of chlorophyll described by the SOH, because recent
research demonstrated little connection between winds and larval fish mortality
(Turley and Rykaczewski 2019). The SOH was formulated to explain how
atmospheric forcing can influence larval fish survival through the modification
of vertical chlorophyll profiles that are hypothesized to promote larval foraging
(Lasker 1975, 1978, 1981). I found that wind events are associated with decreased
presence of VCS in the water column, particularly in the nearshore portion of the
CalCOFI sampling grid. The results of this study do not conflict with the
mechanisms described by the SOH, and as a result, I cannot refute the part of the
hypothesis describing the destruction of vertical chlorophyll layers by strong
wind events. Winds play an important role in structuring the surface layers of
the ocean and must be considered when studying the physical controls on
plankton dynamics (Lozier et al. 2011, Brody and Lozier 2014); however, other
processes such as mesoscale and frontal dynamics can also influence VCS in the
region (e.g., Ryan et al. 2008, Li et al. 2012). In addition to the VCS examined
here, variation in plankton species composition and community diversity may be
essential in determining the suitability of VCS for larval fish foraging (Lasker
1981, Mullin et al. 1985, Owen 1989).
The first question concerned the relationship between the presence of VCS
and wind events. I found that the proportion of profiles with VCS was less when
there was a wind event in a five-day window before sampling at a station. The
majority of the profiles (~75 to 90%, Figure 3.3) had no VCS within the maximal
climatological MLD, indicating that these types of chlorophyll structures are
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uncommon in the CCE. Vertical chlorophyll structure rarely occurs within the
actively mixed surface layer because this layer is relatively homogeneous and
therefore lacks significant structuring; however, on short timescales in situ
phytoplankton growth, aggregation of motile species, or interactions between
water masses at fronts can form layers if the time between wind events is longer
than formation processes (Durham and Stocker 2012, Carranza et al. 2018). Few
studies have used in situ data to examine the influence that winds have on VCS
(Dekshenieks et al. 2001, Chiswell 2011, Carranza et al. 2018), and this study
demonstrates the consequences of wind forcing on VCS over short timescales
(less than 6 days) in the southern CCE. There were several CTD profiles that
exhibited VCS in spite of being preceded by wind events, although the
occurrence of this was uncommon (~5 to 20%, Figure 3.3). The structured profiles
coincident with wind events typically occurred mid-summer when the lengths of
the wind events were short, and stratification tended to be high, limiting the
depth that mixing could penetrate.
The second and third questions in this chapter concerned the distribution
of maximal chlorophyll concentrations when profiles were (or were not)
preceded by wind events. I found that the maximal concentrations were on
average lower when there were wind events, and in the absence of these wind
events, maximal chlorophyll concentrates tended to be higher. The results were
consistent across five out of the eight months of data that were examined,
precluding a seasonal dependency explanation. Given that chlorophyll
concentrations were generally higher when it was calm (i.e., no wind events), it is
likely that before a wind event, there were VCS with high chlorophyll
concentrations, then the passage of a wind event would homogenize any vertical
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structures in the surface layer and attenuate the chlorophyll maxima. In
nearshore environments, vertical structuring of plankton dissipates during windinduced mixing, highlighting the sensitivity of these structures to atmospheric
forcing (Dekshenieks et al. 2001, Cheriton et al. 2007). Another study found that
chlorophyll maxima shoaled and the intensity of the maxima increased
immediately following a single storm (Mullin et al. 1985); however, the sustained
windspeeds during the storm did not reach the thresholds used in this study.
The results in this chapter were expected if the SOH is a valid description of the
interaction between winds and VCS. And although, the 2-µg l-1 threshold was
restrictive and found in about five percent of profiles, our results demonstrate
that, if this specific structure is important for larval fish foraging, it is uncommon
and sensitive to the occurrence of wind events.
The fourth question posed concerned the relationship between nitrate
concentrations in the surface mixed layer and recent wind events. I determined
that the mean nitrate concentrations were greater when there were wind events;
however, this relationship was associated with the seasonal cycle. Short wind
bursts can increase the nitrate concentrations near the surface even at low
windspeeds (Eppley and Renger 1988). There was a seasonal dependency of the
mixed-layer nitrate in which higher concentrations were observed during the
upwelling season. Outside of the spring upwelling season, high concentrations of
nitrate in the mixed layer occurred in the winter months (i.e., January and
February), and on average the mixed layer nitrate was higher when proceeded
by wind events compared to when it was calm. The more frequent occurrence of
wind events (Figure 3.1) and lower stratification common in the winter (Husby
and Nelson 1982) likely contributed to the results.
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In the Southern California Bight where there was the most consistent
occurrence of VCS, coastal upwelling has minimal influence (Huyer 1983, Bograd
et al. 2009), and winter mixing may be the principal source of nutrients for
annual new production in the ecosystem (Mantyla et al. 2008). The increase of
nitrate in the surface layers has vital ecosystem consequences such as stimulating
phytoplankton productivity and supporting higher-trophic-level production,
potentially increasing larval fish survival. This provides a possible explanation
why wind events were associated with an increase in larval hake survival in the
CCE (Chapter 2, also see Turley and Rykaczewski 2019). The increased nitrate
concentrations in the surface layer associated with wind-induced mixing likely
stimulated plankton productivity, benefiting larval fish.
There are several assumptions and limitations to this study that put the
results into context. I assumed that VCS are indicative of high densities of
plankton cells. Although this can often be a valid assumption nearshore, it is not
always the case and can be misleading when the amount of chlorophyll content
per cell varies with depth (Cullen 1982). However, without depth-resolved
planktonic cell counts, I believe that the assumption is a reasonable first-order
approximation for phytoplankton abundance. While presuming that chlorophyll
can be used to estimate phytoplankton abundance, few larval fishes are known
to eat phytoplankton (Arthur 1976, Roberts et al. 2014). Nonetheless, I am
confident that chlorophyll presence is a sufficient indicator of planktonic
abundance in the broad perspective taken by my study. High densities of
zooplankton have been associated with maximal densities of phytoplankton,
especially when a large proportion of the total water-column phytoplankton was
found in vertical chlorophyll structures (Benoit-Bird et al. 2010). Another
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limitation was that I applied a one-dimensional perspective to analyze the effects
of physical forcing on the vertical structure of the ocean. For example, no effects
of horizontal advection were included in the analyses. This region is host to
submesoscale features that are important to spatially and temporally structuring
the pelagic ecosystem (Lynn and Simpson 1987). As equatorward winds force
coastal water offshore during Ekman transport, filaments and eddies contribute
to a dynamic coastal environment (Checkley et al. 2009). The cold, dense
upwelled waters transported by these submesoscale features are replete with
productive plankton communities (Mackas et al. 1991) and can subduct upon
encountering the offshore California Current (Gruber et al. 2011). This
subduction can cause phytoplankton communities to be strained into thin layers
and intrude between other water masses, producing features that have the same
structure as identified in this study (Durham and Stocker 2012). The mechanism
by which these plankton layers can be modified by wind events was partially
illuminated in this chapter; however, an approach accounting for the horizontal
processes is needed. A better understanding of how these physical dynamics
interact and modify vertical chlorophyll structure would help to provide a more
thorough understanding of biological-physical coupling influencing pelagic
ecosystem dynamics.
3.6 CONCLUSIONS
The results demonstrate that the mechanisms linking atmospheric forcing
to chlorophyll vertical structure conform to the expectations of the SOH,
particularly in the nearshore portion of the CalCOFI sampling grid. Thus, I
cannot reject the validity of the SOH when considering its importance to the
vertical structuring of chlorophyll profiles. However, given previous work that
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questioned evidence for a negative relationship between wind events and larval
survival in the region (Turley and Rykaczewski 2019), it remains unclear whether
the SOH is a compelling description of dynamics controlling larval survival.
Given the apparent validity of the relationship between wind events and vertical
chlorophyll structures identified here, but the lack of relationships between wind
events and survival of larval fishes, other processes must be important in
mediating the effects of wind events on larval fishes. Variability in the
composition of the phytoplankton and zooplankton communities may be the
missing link to rectify this discrepancy. For example, high densities of the
dinoflagellate G. splendens sampled within a VCS stimulated feeding by larval
northern anchovy (Lasker 1975). In addition to provoking a feeding response, G.
splendens serves as a suitable initial food source in the early stages, promoting
growth of the northern anchovy (Lasker et al. 1970). This suggests that calm
conditions favored by flagellates may be sufficient for the early survival of larval
anchovies, provided that the necessary species are present. Larval diets for many
species, however, are not well understood (Robert et al. 2014), and the
relationships between winds and phytoplankton community composition are not
straightforward. The next step in testing the assumptions of the SOH is to
examine the community composition present in vertical chlorophyll structures.
Are there differences in species composition relevant to the diet of larval fish?
Some species of fish produce prodigious numbers of eggs, and a small
percentage survive to age of recruitment. Cohorts of larval fish experience high
mortality rates due a variety of causes, and early stage starvation can potentially
account for a large percentage of mortality (Hjort 1914, Houde 2008). If VCS are
vital for larval foraging, then the spatially and temporally patchy nature of these
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structures may partially explain the low survival of larval fishes. However,
linking the occurrence of wind events and their disturbance of the water column
to larval fish survival also requires inspection of the planktonic community
structure and the suitability of these plankters as larval forage.
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Figure 3.1 The proportion of CTD casts in which there were wind events in a
five-day window prior to CalCOFI station occupation. The number of wind
events were identified from the NOAA-NCEP CFSR wind output and summed
up over the five-day window. There were no May, June, September, or December
CTD casts in the portion of the CalCOFI database analyzed here.
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Figure 3.2 The spatial distribution of fluorometer profiles that had vertical chlorophyll structure (VCS), interpolated
across the core CalCOFI region. (A) Criterion 1 identified profiles that have a relative intensity that was equal to or greater
than three. Relative intensity was the peak chlorophyll intensity divided by the background chlorophyll intensity. (B)
Criterion 2 identified profiles that met criterion 1 and also exhibit peak chlorophyll concentrations greater or equal to 2 !g
l-1. Circles indicate the location of CalCOFI sampling stations. The purple diamond indicates Pt. Conception and the
orange diamond indicates Santa Rosa Island.
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Figure 3.3 The proportion of fluorometer profiles
that have vertical chlorophyll structure (VCS)
present when there are wind events or no wind
events five days preceding CalCOFI station
occupation. Criterion 1 identified profiles that have
relative intensity that was equal to or greater than
three. Criterion 2 identified profiles that have
relative intensity equal to or greater than three and
peak chlorophyll concentrations greater or equal to
2 !g l-1. Error bars are 95 percent confidence
intervals. The Fisher’s Exact Tests of proportions
were significant for both criteria (p < 0.01).
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Figure 3.4 Map of change in incidence of VCS from no wind events to the
occurrence of wind events five days before CalCOFI station occupation. The red
color indicates a reduction in the proportion of VCS where there were wind
events. This map was created using criterion two (i.e., relative intensity greater
or equal to three and peak chlorophyll concentrations greater or equal to 2 !g l-1).
The division between offshore and nearshore is indicated by a dashed line.
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Figure 3.5 Box and whisker plots displaying peak chlorophyll concentrations (!g
l-1) categorized by no wind events (lighter colored boxplots) and the occurrence
of wind events five days preceding a CalCOFI station occupation (darker colored
boxplots). The widths of the boxes are proportional to the number of
observations. Pairwise Wilcoxon Rank Sum Tests per month determined that five
out of eight months were significantly different (p < 0.01; significance was
denoted by asterisks). February, April, and October were not significantly
different (p > 0.01); however, April was different at a less stringent alpha cutoff
(p < 0.05; significance was denoted by X). The dashed line indicates the 2 !g l-1
threshold. There were no May, June, September, or December fluorometer
profiles in the portion of the CalCOFI database analyzed here.
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Figure 3.6. Box and whisker plots displaying the mean mixed-layer nitrate (!mol
l-1) per month categorized by no wind events (lighter colored boxes) and the
presence of wind events five days preceding CalCOFI station occupation (darker
colored boxes). The widths of the boxes are proportional to the number of
observations. Wilcoxon Rank Sum Test was used for comparisons per month to
determine if there were differences in the distributions. Only January was
significantly different in which MLD nitrate was higher when proceeded by
wind events (p = 0.01; significance was denoted by asterisks). There were no
May, June, September, or December CTD casts in the portion of the CalCOFI
database analyzed here.
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CHAPTER 4
COMPARISON OF PLANKTON COMMUNITY COMPOSITION IN VERTICAL
CHLOROPHYLL FEATURES OF THE SOUTHERN CALIFORNIA CURRENT
ECOSYSTEM
4.1 ABSTRACT
Subsurface chlorophyll maxima layers are important features in the ocean
commonly associated with phytoplankton biomass maxima. These maxima can
be highly structured communities including many plankton taxa representing a
vital transfer of energy into higher trophic levels. The suitability of these features
to support the survival of larval fishes is of particular interest. In this study, I
investigated the composition of the microplankton community in chlorophyll
maxima in the southern California Current Ecosystem from 2005 to 2010.
Community composition was assessed using a database of functional groups that
had been quantified using epifluorescence microscopy. Cyanobacteria genera,
Prochlorococcus and Synechococcus, and size-fractioned diatoms, dinoflagellates,
prymnesiophytes, ciliates, and other autotrophs and heterotrophs were included
in the analyses. Diversity indices and metrics of community dissimilarity were
used to assess the changes to community composition due to several factors.
Interannual changes and geographic location were significant sources of
variation partially dependent upon the season. A proxy for larval fish food, the
biomass of the microplankton community greater than 20 µm and taxa that were
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not diatoms, varied considerably among samples, but the variability was not
attributed to the region, season, or year. There were two peaks in larval food
proxy that were much higher than the median value and the communities were
composed of noxious algal species that could have been deleterious to larval
survival. Given the results from this study, the community composition is likely
important to the value of these plankton layers as foraging grounds for larval
fishes.
4.2 INTRODUCTION
Subsurface chlorophyll maxima layers (SCML) are ubiquitous features in
the ocean characterized by high concentrations of chlorophyll found beneath the
actively wind-mixed layer and typically near the pycnocline (Cullen 2015). The
development of these layers may be associated with a tradeoff between sunlight
supplied form the surface and nutrients supplied from below; chlorophyll
maxima may represent increased phytoplankton abundance and biomass, which
could be due to increased phytoplankton growth relative to grazing pressure
(Landry et al. 2009). The features may be formed by aggregation processes
(associated with either buoyancy or directed migration, Cullen 2015) or they may
be formed by photoadaptation by phytoplankters as a result of reduced light
availability at depth (Cullen 1982). Chlorophyll maxima in the southern
California Bight are typically biomass maxima that are the result of behavioral
accumulation and not in situ growth, whereas offshore maxima are typically due
to photoadaptation (Cullen and Eppley 1981). The geographic location of SCML
can be indicative of whether the layer is a biomass maximum or due to
photoadaptation, but local conditions are temporally variable, especially in
regions subject to coastal upwelling.
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Subsurface chlorophyll maxima layers are important features in the ocean
because they can be regions of relatively high phytoplankton biomass. Within
inshore environments, SCML may be important in the transfer of primary
production into higher trophic levels including fishes (Benoit-Bird et al. 2009). Of
particular interest is the importance of these features to larval fish foraging and
survival. The concentrations of planktonic food required to ensure the survival of
larval fishes in laboratory conditions was found to be higher than mean plankton
densities sampled at sea (May 1974). Lasker (1975) proposed that subsurface
chlorophyll maxima were sufficient to stimulate feeding in post-yolk-sac larval
northern anchovy (Engraulis mordax). The stable ocean hypothesis was
formulated to describe the relationship between early stage larval feeding and
the presence of chlorophyll layers that induced feeding (Lasker 1981). More
recent laboratory work has demonstrated that larval fish do tend to forage in
simulated plankton layers (Clay et al. 2004), supporting the hypothesis that
plankton layers serve as vital foraging areas.
The occurrence of chlorophyll maxima varies on spatial and temporal
scales and may be related to the species that comprise these communities. Lasker
(1981) realized that not all plankton layers would be suitable to support larval
fish survival. Certain dinoflagellates stimulated feeding (Lasker 1975), while
spiny, chain-forming diatoms were not ingested by larval anchovies (Lasker
1978). In the California Current Ecosystem (CCE), the main source of seasonal
variability is coastal upwelling in which increased turbulence and the
introduction of nitrate and silicate favor blooms of diatoms over flagellated taxa
(Margalef 1978, Fawcett and Ward 2011). This upwelling-driven primary
production stimulates development of a rich zooplankton community (Mackas et
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al. 1991). Offshore Ekman transport, which varies seasonally and is a primary
driver of coastal upwelling, transports these plankton communities offshore.
Thus, the spatial variability in species composition is connected to the seasonal
variability. The offshore region of the CCE is on average more oligotrophic,
characterized by higher water column stability and surface layers depleted of
essential nutrients (Hayward and Venrick 1998). And as a result, the offshore
community exhibits much less variability on seasonal timescales and has lower
biomass overall (Eppley et al. 1978). The variety of processes influencing the
plankton community composition is important to understanding whether
plankton layers are suitable environment for larval fish foraging.
Therefore, the research presented here sought to determine whether
water-column profiles that exhibited vertical chlorophyll structure (VCS)
satisfying chlorophyll intensity criteria had similar community composition over
multiple years. If community composition was similar, then it would stand to
reason that these chlorophyll structures could be a relatively consistent
environment for planktonic production and early-stage larval fish survival. If the
communities were different, I aimed to describe the seasonal, geographic, and
interannual changes associated with variability in community structure. The
guiding questions in these analyses of variability in taxonomic assemblages
were: were there inshore-offshore regional differences in community
composition? How did these communities differ across the seasons? More to the
point, were all VCS equally likely to support larval fish survival, and were
changes to community composition relevant to larval fish survival?
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4.3 METHODS
4.3.1 VERTICAL CHLOROPHYLL STRUCTURE
Previous analyses of CalCOFI conductivity, temperature, and depth
(CTD) data and chlorophyll fluorescence casts were used to identify individual
profiles that exhibited vertical structure in chlorophyll profiles (Chapter 3).
Those stations that exhibited vertical chlorophyll structure were the focus of the
analyses conducted here. The criterion from Chapter 3 used here to identify VCS
were peaks in chlorophyll concentration that were equal or greater than three
times the relative background intensity. The concentration threshold previously
used was not incorporated because few samples remained to make comparisons
across different factors (i.e., season, region, year).
4.3.2 PLANKTON FUNCTIONAL GROUP ENUMERATION
Water samples from Niskin bottles nearest to the chlorophyll maxima
associated with VCS were used for functional group analyses. The stations
sampled were limited to stations sampled by the California Current Long-term
Ecological Research site (CCE-LTER, Figure 4.1). The sampling was conducted
concurrently with the CalCOFI quarterly cruises and includes additional
methods not part of the standard CalCOFI procedures. The nano- and
microplankton enumeration data were retrieved from the CCE-LTER online
database (Landry 2019a). The data were produced using methods described by
Taylor and Landry (2018), which are outlined below. The available data spanned
from November 2004 to January 2011, but only 2005 to 2010 were examined
because they were the only years that sampled in all four seasons. Nanoplankton
samples (0.2–2 µm) were preserved with paraformaldehyde (0.5% final
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concentration) and stained with proflavine (0.33% w/v), and microplankton
samples (greater than 2 µm as determined by filter size) were preserved with 260
µl of alkaline Lugol’s solution followed by 10 ml of buffered formalin and 500 µl
of sodium thiosulfate and then stained with proflavine (0.33% w/v). Fixed cells
were then filtered and mounted onto glass slides and stored at -80°C until
analysis. Slides were digitized using a Zeiss AxioVert 200M inverted
epifluorescence microscope equipped with a Ziess AxioCam HR color CCD
camera. All slides were viewed at 630x and 200x for nano- and microplankton
enumeration, respectively. During imaging, four different fluorescence channels
were used: chlorophyll a, DAPI (4’, 6-diamidino-2-phenylindole), FITC
(fluorescein isothiocyanate), and phycoerythrin. Cells were identified manually
and classified into seven functional types (ciliates, heterotrophic flagellates,
autotrophic flagellates, diatoms, hetero- and autotrophic dinoflagellates, and
prymnesiophytes). Cells were counted and sized in ImagePro software.
Biovolumes (µm3) were calculated using cell lengths and widths assuming a
prolate sphere. Then carbon biomasses were computed using equations from
Menden-Deuer and Lessard (2000).
The picoplankton biomass enumeration data were retrieved from the
CCE-LTER online database (Landry 2019b) and the data were produced by
methods of Taylor and Landry (2018). Picoplankton (Prochlorococcus and
Synechococcus) were obtained from Niskin bottle samples, preserved with
paraformaldehyde, frozen in liquid nitrogen and stored at -80°C. Samples
underwent flow cytometry analysis at the SOEST Flow Cytometry Facility
(University of Hawaii–Manoa). A Beckman-Coulter EPICS Altra flow cytometer
with a Harvard Apparatus syringe pump was used. Fluorescence was achieved
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using two argon ion lasers and three filters were used to distinguish chlorophyll
a (680 nm), phycoerythrin (575 nm), and DNA (450 nm). Raw images were
processed using FlowJo software and carbon biomasses were estimated using
methods from Garrison et al. (2000).
4.3.3 STATISTICAL ANALYSES
Functional group biomasses were used to calculate several diversity
metrics for each sample. Richness was calculated as the total number of
functional groups present during station sampling. The functional group
biomasses were used to calculate the Shannon-Weiner diversity index,
"# = − & '( ∗ log - '(
(

where Pi is the individual functional group biomass divided by the summation of
all group biomasses, and the index i indicates individual functional groups
(Legendre and Legendre 1983). The Shannon-Weiner diversity index assumes all
groups are represented in a sample that was obtained randomly and includes
richness and evenness but is sensitive to small diversity changes. Evenness was
calculated as H’ divided by the natural logarithm of richness. Analysis of
variance (ANOVA) was used to test the differences in means of the ShannonWeiner diversity index using years, season, and inshore-offshore region as
explanatory factors. Tukey’s Honest Significant Difference Test (Tukey’s HSD
Test) was used to further examine pairwise differences for any significant factor.
The index was checked for normality and equality of variances using quantilequantile plots and the Bartlett Test of homogeneity of variances, respectively,
before parametric analysis (ANOVA).
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The analyses of functional group biomass data were restricted to stations
that were classified as having VCS and sampled depths that coincided with the
chlorophyll maxima. I assumed that these chlorophyll structures are potentially
suitable for larval fish foraging success, thus unstructured profiles were not
considered. This was motivated by observation that wind events were associated
with disruption of the vertical chlorophyll structures that are hypothesized to be
important for larval fish survival. However, no negative relationship was found
between these wind events and the survival of larval fishes. Therefore, the focus
here was specifically on the potential differences in the community composition
of the profiles exhibiting VCS, as changes in the composition may have the
potential to mediate the relationship between wind events, vertical chlorophyll
structure, and larval mortality. The differences in community composition
among stations were explored using non-metric multidimensional scaling
(NMDS). First, functional group biomass data were standardized by dividing
each value by the column maximum. This standardization was necessary to
ensure that results are not biased toward a dominant group and thus skew the
results (Legendre and Legendre 1983). The standardized data were then used to
calculate Jaccard dissimilarities, which is a non-Euclidean distance metric to
quantify dissimilarity between samples. The NMDS procedure was set with
initial number of axes at three and maximum number of iterations at 500 to
achieve a solution that minimizes the stress, or the disagreement between
predicted rank-order values of a regression to original rank ordered
dissimilarities (Legendre and Legendre 1983).
The Jaccard dissimilarity values were tested for significant differences of
group variance due to several factors using PERMANOVA tests. The null
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hypothesis was that the centroids and dispersion of groups were equal across all
groups (Anderson 2001, Anderson and Walsh 2013). This test complements the
NMDS by providing a significance of groupings suggested by ordination results.
The factors that were used to group the dissimilarity values were inshoreoffshore regions, year, and season. The PERMANOVA was run for 9999
permutations to calculate p-values. PERMANOVA tests are based upon ranks
and thus have no assumptions. Both PERMANOVA and NMDS analyses were
implemented in the R package vegan ver.2.5-3 (Oksansen et al. 2018).
To examine the contribution of functional groups that could be consumed
by larval fishes, biomasses were summed over larger size classes. The data were
available as broad taxonomic levels that were not sufficient to resolve the
contribution of specific species as potential forage for larval fishes, thus certain
groups and size classes were used as proxies to assess the suitability of the
community to larval fish foraging. Of the fish species that were of interest in the
CCE (i.e., northern anchovy, Pacific sardine, Pacific hake, Pacific mackerel, and
jack mackerel), none are known to eat diatoms, and the minimum size of prey
eaten by larval fishes in the region was 25 µm (Arthur 1976, Hunter and Kimbrell
1980). As a result, only taxa greater than 20 µm and everything except diatoms
were summed into total biomass per sampled station. The data were logarithm
base ten transformed to conform to data normality assumptions and analyzed
with ANOVA with region, year, and season as factors. All data manipulation
and analyses were performed in the R statistical computing environment
ver.3.5.1 (R Core Team 2018).
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4.4 RESULTS
4.4.1 GROUP BIOMASS CONTRIBUTIONS
In profiles that exhibited VCS, the total inshore biomass was greater than
the offshore biomass per season and per year (Figure 4.2). The spring of 2005 in
the inshore region had the highest value at 199.7 µg C l-1, which was an order of
magnitude greater than the next largest biomass in summer of 2007 at about 47
µg C l-1. When there were multiple samples from the same cruise, the summer of
2008 was the only instance that the offshore biomass surpassed the inshore
biomass.
Several functional groups dominated the VCS community biomass at
different times and different locations. Diatoms 20–40 µm in size had the largest
biomass at 95 µg C l-1, which was nearly half of the biomass, in the inshore region
during the spring (Table 4.1). Heterotrophic dinoflagellates greater than 40 µm in
size had the next largest maximum biomass at 35 µg C l-1 in the spring and
inshore; however, this only accounted for about one fifth of the total biomass
because it was concurrent with a large diatom bloom in the spring of 2005
(Figure 4.3 and 4.4, Table B.1). Synechococcus and autotrophic dinoflagellates
greater than 40 µm had maximum biomasses of 21 and 27 µg C l-1 in the summer
and inshore, respectively. Generally, the smaller size classes tended to reach their
maximum proportion of biomass offshore (Table 4.1).
Overall, there were clear differences in the plankton functional group
composition associated with VCS in the southern CCE (Figure 4.3 and 4.4). The
inshore community was dominated (defined as a group that comprised more
than half of the biomass) by diatoms in spring and summer of 2005, and the
summer of 2007 (Figure 4.4A). While in the summer of 2009 diatoms constituted
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about 40% of the inshore community. Autotrophic dinoflagellates were minor
contributors to the inshore biomass, except in the summer of 2007 when they
were nearly 70% of the biomass. The other autotrophic eukaryote groups were
moderate contributors in the summer and fall of 2008 approaching about 30% of
the biomass. During that same time period and region, 25% of the biomass
consisted of other heterotrophic eukaryotes. During the fall of 2006, other
eukaryotic heterotrophs, and the smallest size class in particular (Figure 4.2),
were the largest contributors in the fall to community biomass at about 40%. The
cyanobacteria genera Prochlorococcus and Synechococcus were the dominant
groups in the spring and fall of 2009 making up about 70% and 60% of the
community biomass, respectively. In 2010, there was a diverse community
composition with Synechococcus as the largest single group contributing to the
community biomass.
In the offshore communities, the qualitative patterns of functional group
biomass contributions were different than inshore communities (Figure 4.3B and
4.4B). For example, cyanobacteria frequently comprised large proportions of the
overall community, constituting about 30 to 60% of the biomass. In 2008, there
was a shift in dominance of the cyanobacterial group from Prochlorococcus to
Synechococcus. When comparing the regions, autotrophic and heterotrophic
dinoflagellates, and other eukaryotic phytoplankton were relatively larger
components of offshore community biomass. Overall, other heterotrophic
eukaryotes made up a larger proportion of the biomass offshore relative to
inshore except in the inshore region during the fall of 2006. Ciliates occurred
more frequently offshore; however, in the spring of 2005 and summer of 2009,
ciliates were about 10% of the community biomass in the inshore region.
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4.4.2 DIVERSITY INDICES
The diversity of the communities varied on interannual time scales;
however, regional and seasonal variability were not as pronounced (Figure 4.5).
The means of the Shannon-Weiner diversity index were significantly different
between years (ANOVA, p = 0.0001, Table 4.2) accounting for 43% of the
variance. In pairwise comparisons, there were significant differences in diversity
between years. The years 2007 and 2010 were significantly different from 2005
(Tukey’s HSD Test, p < 0.05, Table 4.3). Additionally, 2009 was significantly
different than 2007, 2008, and 2010 (Tukey’s HSD Test, p < 0.05). The other
factors, region and season, were not significant (p > 0.05) factors influencing the
diversity index, and there was no significant interaction between any of the
factors (p > 0.05).
There were general patterns among the different diversity indices. The
Shannon-Weiner index was lower relative to the overall median in 2005 and 2009
(Figure 4.5A). The changes were associated a decrease in richness in 2005 (Figure
4.5C) and reduction of evenness in both 2005 and 2009 (Figure 4.5E). These
results were likely due to increased biomass of diatoms in 2005 in the inshore
region (Figure 4.4A) especially given that the median inshore Shannon-Weiner
value was below the offshore median. In 2009, Synechococcus dominated offshore
(Figure 4.4A) during spring, summer, and fall (Figure 4.4B), which explains why
the offshore median Shannon-Weiner value was lower than the inshore median
for 2009 (Figure 4.5E).
The seasonal medians of the diversity indices were close to the overall
medians with the exception of the inshore region in spring (Figure 4.5B, D, and
F). Overall, the richness was high, indicating that there were greater number of
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functional groups present, but the evenness was lower. Only three of the six
years had chlorophyll profiles that satisfied the VCS criteria in the inshore region
in spring, and in two of those years the biomass was dominated by diatoms and
cyanobacteria (i.e., 2005 and 2009, respectively, Figure 4.4A), and there was a
fairly even mix of functional groups in 2010. These results suggest there was
some influence of year and inshore-offshore location on the diversity of the
communities.
4.4.3 DISSIMILARITY ANALYSES
The year and region were significant factors contributing to the
differences in community composition as measured by Jaccard’s dissimilarity
(PERMANOVA, p = 0.0001, Table 4.4). The variance explained by these factors,
however, were low accounting for 18% for the year and 5% for the region (Table
4.4). There were significant interactions between season and year (p = 0.002),
which accounted for 18% of the variance, and there was a significant interaction
between the region and year (p = 0.03), which accounted for 6% of the variance.
The season was not a significant factor in the dissimilarities calculated between
community compositions (p = 0.08). The unexplained variance in the model was
about 32%, which does not include the variance explained by any of the factors
or interaction terms tested. The NMDS results were used to illustrate the
separation in the significant factors determined by the PERMANOVA results
(Figure 4.6, similar to a boxplot for ANOVA results, Oksansen et al. 2018).
4.4.4 POTENTIAL LARVAL FISH FOOD
The biomass of the community that was potentially suitable for
consumption by larval fishes did not vary significantly among region, season, or
year (ANOVA, p > 0.05, Table 4.5). However, there was considerable variability
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among the biomass in the data that was not explained by the factors examined.
The overall median was 1.41 µg C l-1 and ranged from 0 to 55.87 µg C l-1 (Figure
4.7). The maximal value occurred in the inshore region during the spring of 2005.
This community consisted of 32.25 µg C l-1 of heterotrophic dinoflagellates
greater than 40 µm and 19.62 µg C l-1 of ciliates greater than 40 µm (Table B.1).
The second largest biomass occurred in the inshore region during the summer of
2006 and consisted of 26.5 µg C l-1 of autotrophic dinoflagellates greater than 40
µm (Table B.1). The communities that had no biomass available as potential
larval fish forage (n = 2) occurred offshore in the spring and fall of 2008.
4.5 DISCUSSION
There were differences in community composition between CTD profiles
that were classified as having VCS. The differences seemed to mostly be due to
changes in a few dominant taxa on interannual timescales as well as differences
between the inshore and offshore spatial regions. Previous research in the
southern CCE also found a strong cross-shore gradient in community
composition in the chlorophyll maximum layers (Reid et al. 1978). There was a
minor (not statistically significant) seasonal effect associated with the spring
coastal upwelling in which the diversity in the inshore region decreased and was
dominated by a few groups that had large biomasses (i.e., cyanobacteria and
diatoms). It was expected the community in the inshore region to have diatoms
as a large proportion of total biomass during the upwelling season because these
phytoplankters can take advantage of the high-nitrate, turbulent conditions
typical of coastal upwelling (Margalef 1978, Fawcett and Ward 2011). The
offshore region had lower biomass relative to the inshore regions due to the
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dominance by smaller size fraction; however, a larger proportion of the biomass
consisted of heterotrophic functional groups.
The high biomass of cyanobacteria in the spring of 2009 in the inshore
region was unexpected and may represent a pre-upwelling community, or it may
represent the end result of community succession following an upwelling event
and offshore advection due to Ekman transport. Taylor et al. (2012) found high
biomasses of both Prochlorococcus and Synechococcus on either side of a front
created as an upwelled water mass was advected offshore. Diatoms were most
abundant right at sharpest temperature gradient near the area of highest nitrate
flux, while cyanobacteria were more abundant on either side of the front (Li et al.
2012, Taylor et al. 2012). It is likely that the VCS identified in this chapter were
not located within areas of active coastal upwelling or at the dynamic interface
between water masses at frontal regions. For example, these active regions are
characterized by high turbulence that tend to homogenize fine-scale, watercolumn structure (Lévy et al. 2018). Rather, VCS would more likely be associated
with secondary processes related to offshore Ekman transport. Subduction of
cold, dense water can occur as upwelling jets encounter the relatively warmer,
fresher California Current located offshore (Lynn and Simpson 1987). This
interaction may cause coincident patches of plankton to become strained (Ryan
et al. 2008, Gruber et al. 2011), and this process may result in structure that
resembles the VCS identified for this study (Durham and Stocker 2012).
Overall, the plankton community composition exhibited cross-shore
variability with differences between communities that were inshore and those
that were offshore. The effect of geographic location (i.e., inshore or offshore)
was associated with the seasonality of coastal upwelling in the CCE. The changes
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to the community composition in the inshore region were likely associated with
coastal upwelling in which biomasses were generally higher and dominated by
diatoms (Cullen et al. 1982, Venrick 2015). Before 1998, maximum biomass was
associated with the spring upwelling season that occurred in April (Venrick
2012). After 1998, however, there was a shift in the Southern California Bight in
which the biomass maxima occurred later in the summer (Venrick 2012). The
results presented here support this as most of the summer biomasses are higher
than spring biomasses in the same year; the exception being 2005. Generally,
there was higher biomass inshore than offshore; however, there was not always
an overlap between samples in a season during a year, so direct comparisons
were limited.
Overall, the biomass of the community that could be consumed by larval
fishes was quite variable among the samples examined. The causes of the
variability were not explained by the factors considered in my analyses.
However, considering particular years and relevant taxa, implications for the
larval food web can be contemplated. There were two instances in which
biomass of potential food was much higher than the median values in either the
inshore or offshore regions. In the spring of 2005, there was an unusually high
peak in the total community biomass as well as the larval food proxy biomass.
The peak in biomass of 2005 was associated with large biomasses of
heterotrophic dinoflagellates and ciliates, which are functional groups that are
well known to serve as forage for larval fish (Arthur 1976). Additionally, the
summer of 2006 had a peak in biomass much greater than the overall median
value of the inshore region. This peak in biomass was largely attributed to
increased biomass of autotrophic dinoflagellates in the suitable size range for
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consumption by larval fishes. Missing from these analyses were zooplankton
species known to be eaten by larval fishes (Arthur 1976, Hunter and Kimbrell
1980), namely copepods including eggs, nauplii, and copepodites. These data
were not available, so it is unknown exactly how they were associated with the
VCS identified in this chapter. Copepods respond rapidly to increases in food
supply and can start producing eggs when phytoplankton are abundant
(Checkley 1980). Additionally, offshore jets that are the result of Ekman transport
and coastal upwelling can be host to diverse assemblages of zooplankton
(Mackas et al. 1991). The food available to larval fish as estimated by this study
thus likely represents an underestimate, especially in the productive inshore
region.
There were a few years in which the species in the plankton community
may have had negative implications for zooplankton survival, including larval
fishes. There was a bloom of autotrophic dinoflagellates in the summer of 2006 of
the appropriate size range of food known to be ingested by early stage larval
fishes, and there was bloom of diatoms in the summer of 2007. The large biomass
of autotrophic dinoflagellates in 2006 followed a bloom of Alexandrium catenella
detected in Redondo Beach, CA in the spring of 2006 (Garneau et al. 2011). This
species is known to produce a saxitoxin, which is in a family of chemicals that are
known to be lethal to larval fishes when present in sufficient quantities (Samson
et al. 2008). Additionally, in 2007 there were increased concentrations of domoic
acid in the surface waters produced by a bloom of the noxious diatom Pseudonitzschia (Lewtius et al. 2012, Smith et al. 2018). I do not know if the increased
biomass of phytoplankters observed in the data was due to blooms of A. catenella
or Pseudo-nitzschia, nor do I know the exact effects of such toxins on larval fishes
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in the region. The negative implications of these harmful algal species to the
wider plankton community and resulting fishery production warrants more
investigation.
There were some limitations and assumptions made for this study which
require some explication. To develop a proxy for biomass available for larval fish
as forage, it assumed the size fraction greater than 20 µm and taxa that were not
diatoms was a reasonable first-order approximation for the portion of the
community that could be consumed by larval fishes (Hunter 1981); however, the
presence of a certain group does not necessarily mean that a larval fish will
successfully feed (Pepin and Penney 1997). Moreover, the taxonomic resolution
of the data was limited, and did not include groups commonly reported as prey
for many larval fishes, specifically copepod life stages and molluscan larvae
(Arthur 1976, Hunter and Kimbrell 1980, Llopiz and Hobday 2015). While
plankton food webs are complex and not completely understood, it is likely that
the proxy used here excludes some important species but over-represents some
potentially noxious organisms.
There are several future directions that I can suggest based upon the
implied relationships between the physical processes, VCS, and plankton
community composition. It is not clear what the relationship is between VCS and
coastal upwelling processes. For example, do vertical velocities in areas of active
coastal upwelling prevent or destroy vertical structuring of plankton
communities? The upwelled nutrients induced a bottom-up trophic response
leading from primary production to secondary production of zooplankton
communities (Mackas et al. 1991, Fawcett and Ward 2011). As upwelled waters
were advected offshore by Ekman transport, they encountered the relatively
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warm and less dense California current (Lynn and Simpson 1987). As a result,
the community can be subducted (Gruber et al. 2011) and potentially stretched,
forming vertically structured plankton communities (Durham and Stocker 2012).
To what degree does this proposed mechanism influence or create the vertical
plankton structures examined in this study? Additionally, the primary source of
variability in this study was found to be changes on interannual timescales. And
as a result, it is not known what processes are responsible for the observed
annual changes to the plankton community. Furthermore, because the CalCOFI
program performs quarterly sampling that varies from year to year, it is not
known if changes in plankton production phenology contributes to the observed
changes in community composition. These questions deserve concentrated
research to adequately address the potential effects on the plankton food web
and downstream ecosystem productivity.
4.6 CONCLUSIONS
The original concept that motivated this chapter was to examine another
aspect of the stable ocean hypothesis that the other chapters in this dissertation
did not examine. Lasker (1975) suggested that chlorophyll layers were a
necessary condition to support early stage larval fish survival; however, he
understood that larval diets are poorly understood and that not all plankton
communities would be equally beneficial. The previous chapter had established
that episodic wind events tended to be associated with fewer vertical chlorophyll
layers that could serve as essential larval fish foraging habitat. The research
presented here was motivated by a need to understand the plankton
communities associated with the previously identified chlorophyll layers. It was
found that these communities varied on interannual timescales and cross-shore.
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A proxy for larval fish food varied considerably among samples; however, the
variability of the proxy was not associated with seasons, regions, or years. There
were a few in which potentially noxious algal species dominated the
communities with potentially detrimental effects on the zooplankton
communities implied by laboratory experiments. Considering the fluctuating
composition of the plankton communities, especially the harmful species, it is
likely that community composition is an important factor when considering the
applicability of the stable ocean hypothesis in explaining recruitment variability
of coastal pelagic fishes in the southern CCE.
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Table 4.1 Community composition characteristics per functional group. The
minimum and maximum of the biomass in µg C l-1 and the maximum proportion
of the total community biomass were displayed. Associated with the maximum
values are the season they occur and whether they occurred in the inshore or
offshore region (i/o). The overall median, mean and standard deviation (sd) of
the biomass per group were included.
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Functional Group
Prochlorococcus
Synechococcus
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote
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Prymnesiophytes

Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Ciliates

size (µm)
0.5–0.7
0.8–1.5
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
10–20
20–40
>40

min
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.00
0.00
0.00
0.00

Biomass (µg C/l)
max season
8.59 spring
21.42 summer
1.39 spring
3.60 spring
14.16 summer
95.19 spring
16.49 spring
0.46 spring
3.82 summer
1.31 summer
1.00 spring
26.50 summer
5.33 fall
2.49 winter
1.34 spring
0.63 summer
1.70 fall
4.93 spring
7.67 spring
0.18 summer
0.36 spring
2.48 summer
1.98 summer
2.88 summer
35.25 spring
4.45 fall
1.68 spring
2.77 spring
2.38 summer
1.21 summer
0.13 fall
1.66 summer
19.62 spring

i/o
near
near
off
near
near
near
near
off
off
near
near
near
near
near
near
near
near
near
near
near
off
near
near
near
near
near
near
near
off
near
near
off
near

max
0.49
0.70
0.12
0.04
0.21
0.48
0.58
0.05
0.18
0.05
0.05
0.59
0.21
0.13
0.11
0.12
0.14
0.17
0.11
0.01
0.03
0.09
0.05
0.20
0.37
0.33
0.16
0.18
0.16
0.11
0.01
0.11
0.19

Proportion
season
summer
spring
spring
summer
summer
spring
summer
spring
summer
spring
summer
summer
fall
winter
summer
fall
fall
spring
summer
summer
spring
winter
spring
spring
summer
fall
fall
summer
summer
summer
fall
summer
fall

i/o
off
off
off
off
near
near
near
off
off
off
off
near
off
near
near
off
near
off
off
near
off
off
off
off
off
near
off
off
off
near
near
off
off

Overall biomass (µg C/l)
median
mean
sd
1.01
1.79
2.04
2.15
3.98
4.63
0.00
0.05
0.20
0.00
0.11
0.51
0.08
0.76
2.31
0.04
2.80
13.78
0.03
1.22
3.23
0.00
0.06
0.12
0.25
0.53
0.78
0.04
0.13
0.23
0.00
0.11
0.21
0.00
0.69
3.77
0.80
1.00
0.86
0.30
0.50
0.62
0.42
0.48
0.35
0.00
0.11
0.17
0.00
0.03
0.24
0.92
1.15
0.88
0.16
0.59
1.29
0.00
0.01
0.03
0.00
0.04
0.07
0.00
0.25
0.54
0.12
0.21
0.37
0.17
0.36
0.50
0.00
1.24
5.03
0.76
0.95
0.74
0.17
0.30
0.40
0.72
0.81
0.48
0.17
0.27
0.39
0.00
0.03
0.17
0.00
0.00
0.02
0.00
0.07
0.28
0.00
0.62
2.93

Table 4.2 Three-way ANOVA results on Shannon-Weiner
diversity index using inshore-offshore region (i/o), season,
and year as explanatory factors. Degrees of freedom (df), sum
of square (SS), mean sum of squares (MS), F ratio, and p-value
were included.
Factor
df
SS
MS
F p-value
i/o
1 0.009 0.009 0.268
0.6102
season
3 0.162 0.054 1.618
0.2168
year
5 1.529 0.306 9.145
0.0001
i/o x season
3 0.147 0.049 1.470
0.2529
i/o x year
5 0.318 0.064 1.902
0.1391
season x year
9 0.700 0.078 2.326
0.0556
i/o x season x year
3 0.014 0.005 0.141
0.9342
residuals
20 0.669 0.033
total
40 3.549
*Significant p-values (p < 0.05) are bold and underlined
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Table 4.3 Tukey’s HSD results for pairwise comparisons of years.
This table complements the ANOVA results in Table 2. Only
pairwise comparisons of years were performed because it was the
only significant factor (p-value < 0.05).
Comparison years difference
lower
upper
2006-2005
0.181
-0.170
0.533
2007-2005
0.422
0.084
0.760
2008-2005
0.278
-0.022
0.579
2009-2005
-0.056
-0.362
0.250
2010-2005
0.351
0.013
0.689
2007-2006
0.240
-0.111
0.592
2008-2006
0.097
-0.219
0.413
2009-2006
-0.237
-0.558
0.083
2010-2006
0.170
-0.182
0.521
2008-2007
-0.144
-0.444
0.157
2009-2007
-0.478
-0.783
-0.172
2010-2007
-0.071
-0.409
0.267
2009-2008
-0.334
-0.598
-0.070
2010-2008
0.073
-0.228
0.374
2010-2009
0.407
0.102
0.713
*Significant p-values (p < 0.05) are bold and underlines
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p-value
0.6425
0.0070
0.0841
0.9939
0.0374
0.3390
0.9415
0.2560
0.7044
0.7125
0.0004
0.9887
0.0060
0.9780
0.0034

Table 4.4 Three-way PERMANOVA results on Jaccard
distances calculated between samples using inshore-offshore
region (i/o), season, and year as explanatory factors. The
number of permutations were set at 9999. Degrees of freedom
(df), sum of square (SS), mean sum of squares (MS), pseudo-F
ratio, and p-value were included.
Factor
df
SS
MS
F p-value
i/o
1
0.767 0.767 3.444
0.0001
season
3
0.809 0.270 1.212
0.0882
year
5
2.561 0.512 2.301
0.0001
i/o x season
3
0.868 0.289 1.300
0.0284
i/o x year
5
1.266 0.253 1.137
0.1364
season x year
9
2.589 0.288 1.292
0.0037
i/o x season x year
3
0.651 0.217 0.975
0.5549
residuals
20
4.452 0.223
total
40 13.963
*Significant p-values (p < 0.05) are bold and underlined
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Table 4.5 Three-way ANOVA results on portion of total
biomass that was potentially larval fish food (Log base 10
transformed) using inshore-offshore region (i/o), season, and
year as explanatory factors. Degrees of freedom (df), sum of
square (SS), mean sum of squares (MS), pseudo-F ratio, and pvalue were included.
Factor
df
SS
MS
F p-value
i/o
1
0.644 0.644 3.937
0.0619
season
3
0.771 0.257 1.571
0.2292
year
5
1.293 0.259 1.582
0.2131
i/o x season
3
0.984 0.328 2.007
0.1472
i/o x year
5
0.587 0.117 0.718
0.6180
season x year
8
3.355 0.419 2.565
0.0439
i/o x season x year
3
2.046 0.682 4.171
0.0199
residuals
19
3.107 0.164
total
40 12.787
*Significant p-values (p < 0.05) are bold and underlined
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Figure 4.1 Stations sampled by the California Current Ecosystem Long Term
Ecological Research Program that exhibited vertical chlorophyll structures
identified from chlorophyll fluorometer data. The dashed line indicates the
division between stations identified as either inshore or offshore. Map data
downloaded from Natural Earth free vector and raster map repository.
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Figure 4.2 Total community biomass in µg carbon per liter per season (W =
winter, Sp = spring, Su = summer, F = fall) and per year. The first inshore value
in spring of 2005 was much higher than the other values at 199.7 µg C l-1, and the
ordinate axis was scaled to make the other years more comparable. Each year
starts in winter, and no samples from December were part of the data analyzed.
The inshore median was 31.39 µg C l-1 (dashed line). The offshore median was
11.69 µg C l-1 (dotted line).
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Figure 4.3 Community biomass per season (W = winter, Sp = spring,
Su = summer, F = fall) per year. (A) biomass per functional group
inshore, and (B) biomass per group offshore. Numbers at the top of
graph indicate the number of samples used in the estimated biomass
per season/year. Each year starts in winter, and no samples from
December were part of the data analyzed. The abbreviated group
names are Other Hetero Euk = Other Heterotrophic Eukaryotes,
Hetero Dino = Heterotrophic Dinoflagellates, Other Auto Euk = Other
Autotrophic Eukaryotes, and Auto Dino = Autotrophic
Dinoflagellates. Spring 2005 inshore was removed for clarity.
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Figure 4.4 Proportion of community biomass per season (W = winter,
Sp = spring, Su = summer, F = fall) per year. (A) proportion of
biomass per functional group inshore, and (B) proportion of biomass
per group offshore. Numbers at the top of each bar indicate the
number of samples used in the estimated biomass proportion. Each
year starts in winter, and no samples from December were part of the
data analyzed. The abbreviated group names are Other Hetero Euk =
Other Heterotrophic Eukaryotes, Hetero Dino = Heterotrophic
Dinoflagellates, Other Auto Euk = Other Autotrophic Eukaryotes,
and Auto Dino = Autotrophic Dinoflagellates.
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Figure 4.5 Box and whisker plots of community diversity indices per year (left
column) and per season (right column). Indices were grouped by inshore (light
gray) and offshore (dark gray) per plot. Shannon-Weiner diversity index (A and
B) functional group richness (C and D); and evenness (E and F) are shown. The
dashed lines in each plot are the overall medians. The upper and lower edges of
the boxes are the third and first quartile, respectively. The whiskers were 1.5
times the interquartile range plus or minus the first and third quartiles.
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Figure 4.6 Non-metric multidimensional scaling (NMDS) plots for functional group assemblage data. Each
functional group was standardized by the group’s maximum, and then the Jaccard distance metric was calculated
per site sampled. Circles indicate inshore sites and triangles indicate offshore sites for both plots. (A) Samples are
grouped by the year collected and denoted by colors and convex hulls. (B) Convex hulls were plotted to
discriminate sites that were sampled in the inshore region and the offshore region. The calculated stress for the
NMDS results was 0.16. Both NMDS plots display the same results, but convex hulls were used to indicate factors
that were significant in the PERMANOVA analysis (p < 0.05).
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Figure 4.7. Total biomass that could serve as potential food for larval fish in µg
carbon per liter per season (W = winter, Sp = spring, Su = summer, F = fall) and
per year. The inshore values in the spring of 2005 and summer of 2006 were
much larger than the other years. The ordinate axis was scaled to make the other
years more comparable. Each year starts in winter, and no samples from
December were part of the data analyzed. The inshore median was 2.42 µg C l-1
(dashed line). The offshore median was 1.36 µg C l-1 (dotted line).
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CHAPTER 5
CONCLUSIONS
In Chapter 2, a broad perspective was used to examine the stable ocean
hypothesis (SOH) by limiting the analyses to correlating synoptic scale indices of
wind events to larval mortality rates. I found that larval survival was not
negatively impacted by the occurrence of storm events thought to induce water
column mixing, and calm periods were not beneficial to larval survival either.
Contrary to expectations, however, hake demonstrated an increase in survival
with an increase in number of storm events. Previous research had been
equivocal in the response of larval fish survival to wind events depending upon
the species examined. For northern anchovy, the number of calm events was
strongly associated with increased survival (Peterman and Bradford 1987);
however, based upon a modeling study, the occurrence of storm-induced mixing
was hypothesized to stimulate plankton production that could ultimately benefit
larvae (Wroblewski et al. 1989). This led me to suggest that storms might inject
nutrients into the surface layer of the ocean leading to a plankton production
cycle that could benefit larval fishes. For Pacific sardines, there was no
association between the number of calm events and larval survival (Butler 1991).
The contradictory and unexpected results from this chapter lead me to further
question the mechanisms described in the SOH.
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The third chapter continued examining the SOH by considering at the
connections between wind events and vertical distribution of chlorophyll. In the
original paper (Lasker 1975), subsurface chlorophyll maximum layers (SCML)
were found to have concentrations of an autotrophic dinoflagellate that
stimulated feeding by larval anchovies. Surreptitiously, Lasker observed that a
winter storm homogenized the chlorophyll structure diluting the phytoplankton
to the point that the larval anchovies could not successfully feed. This
mechanism of winds affecting the vertical distribution of chlorophyll was the
starting point for Chapter 3. Using a decade of CTD casts and chlorophyll
fluorometer data, vertical chlorophyll structure (VCS) thought to be conducive
for larval fish survival was identified. I found that the occurrence of storms
decreased the presence of VCS as predicted by the SOH. Further examination
found that the magnitude of the chlorophyll maxima in VCS decreased with the
occurrence of wind events. Thus, the appearance of storms decreased the
available chlorophyll suggesting that the density of phytoplankton cells also
decreased and reduced the available food for larval fishes. Additionally, I
determined that the mixed-layer nitrate was not higher due to wind events
outside the climatology that was expected during the upwelling season. This
result did not support the notion that wind events were beneficial to larval hake
survival through a wind-mixing production increase. Overall, the results of this
chapter lead me to conclude that the connections between wind events and VCS
as described by the SOH were valid.
To continue the line of reasoning inherent in the SOH, Chapter 4 was
designed to test whether the VCS described in the previous research chapter
could equally support larval foraging. Lasker (1975, 1978, 1981) understood that
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a suite of conditions was needed for the SOH to be an accurate description of
how early life history survival could influence recruitment. The results of
Chapter 2 failed to demonstrate the expected links between wind events or calm
periods and larval mortality. Then in Chapter 3, I found that wind events did
disrupt the vertical distributions of chlorophyll as described by Lasker (1975).
The purpose of Chapter 4 was to reconcile the discrepancy between Chapters 2
and 3. Since there was neither a strong nor consistent response between larval
mortality and wind events, but wind events did influence the apparent
availability of phytoplankton, I reasoned, based upon the predictions of the SOH,
that the taxonomic composition of the plankton communities would be
important to larval fish survival. Examining size-specific functional group
plankton data, I found that significant changes to the community composition
were found among years and in a cross-shore pattern. A proxy for biomass
available for larval fish consumption exhibited considerable variability among
samples; however, the variability of the proxy was not explained by the region,
season, or year. Additionally, there were blooms of noxious algal species that
may have potentially negative implications for the larval food web. It stands to
reason that not all the plankton layers identified in this dissertation would
equally support larval fish survival. Thus, the taxonomic composition of the
planktonic communities was likely a vital factor influencing larval fish survival
and subsequent recruitment.
The logical reasoning behind the SOH is that suitable food of sufficient
concentrations is heterogeneously distributed in the ocean. Lasker (1975)
observed a storm that reduced the concentrations of planktonic food for larval
anchovies to be below a threshold in which feeding commenced, and he
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conjectured that the persistence of features that are supportive of larval feeding
would be subject to turbulent mixing due to the passage of a wind event. Thus,
there seems to be an association between the success of larval cohort and the
occurrence of storms; however, successful feeding is also subject to the
appropriate forage species being present. Larval fish diets are difficult to
quantify, and large uncertainties exist in the scientific community’s
understanding of whom is eaten by who (Robert et al. 2014, Llopiz et al. 2015).
Succinctly, winds influence the vertical distribution of plankton; these layers
contain prey species fed on by larval fishes; and changes to these links may have
implications for larval fish survival and subsequent recruitment.
It must be stated that the particular results and conclusions of this
dissertation, especially in regard to the chapters that involve storm event and
calm period identification, are dependent upon how these events were defined
(e.g., wind speed thresholds and duration of events). The interaction between the
atmospheric winds and the surface of the ocean and the mixed-layer dynamics
are complex, governed by non-linear interactions. The focus of this dissertation
was not on the particulars of the physics involved, but rather the implications of
the physics on ecosystem functioning. As a result, the physics were simplified to
capture the conditions thought to be most relevant to the plankton communities
considered. During the genesis of this dissertation, I reviewed a considerable
amount of literature involving air-sea interactions and decided to use wind
speed thresholds and minimum durations as the basis for development of the
wind indices. It is likely that a directed modeling study similar to Wroblewski et
al. (1989), which used a mixed-layer model, would be able to define more
appropriate physically and ecologically relevant wind events and calm periods.
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In fact, this aspect of my dissertation was an area that I believed would return
the most insight into the SOH. The questions that I wanted to answer but never
did were: (i) how long must the wind blow to deepen the mixed layer to the
depth of the VCS, (ii) are there combinations of wind speeds and event duration
that would equally influence the VCS, (iii) how does water column stratification
modify the ability of an event to affect the VCS, and (iv) how long does it take for
the water column to stabilize (i.e., turbulence to decay) and VCS to form once the
wind has reduced below a certain speed. Given more time to add to this
dissertation, I would have found a more physically and ecologically meaningful
definitions for storm event and calm periods. However, I leave that for someone
else to either find the answer in the literature that I missed or develop the
appropriate event indices.
Considering the different chapters of this dissertation, there is no evidence
to refute the stable ocean hypothesis as a viable explanation for recruitment
variability. And yet, the results presented here demonstrated that the occurrence
of storm events did not seem to affect recruitment. It is, however, a false choice in
attempting to ascribe one cause to something so complex as recruitment
fluctuations in a dynamic environment like the pelagic ocean. Given the other
possible explanations for variations in recruitment (Houde 2008), it is likely that
various mechanisms operate at different times and locations depending upon the
conditions. The broad approach taken here did not tease out the subtle effects
that wind events might have. A better method would be to look at how wind
events affect feeding and growth of individual larval fishes, which can translate
into cohort-level changes.
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APPENDIX A
SUPPLEMENT TO CHAPTER 2

Table A.1 Larval bias correction. Species-specific bias correction factors applied
to ichthyoplankton data before estimating age and calculating larval mortality.
The species-specific egg incubation parameters for use in equation 2 are
tabulated. Some species do not have published models or correction parameters,
thus values for the most closely related species were used following a similar
argument used in the 2009 Pacific mackerel stock assessment (Lo et al. 2009).
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Species
northern anchovy
(Engraulis mordax)

Extrusion correction
! = #1 + & ((.*+,-.*(,.∗01) 3

Avoidance correction
45 = & (-.66*∗01)
Fissel et al. 2011

Where Lp is the measured
length of the larvae in mm
Lo 1983

Shrinkage correction

Egg incubation
#?.@A@∗B∗CD∗E?.FG3

H
7 = & 89:(;∗01)<.6=*∗>
Where L is live length in mm, Lp is
the preserved length in mm,
f = 1.03, is the correction for formalin
preservation, and q = 15.5 minutes,
the average tow time
Theilaker 1980

t0 = 1861
d = -5.4572
b = -.0626
Zweifel and Lasker 1976

! = 3.57
For 2.5-3.25 mm size class
!=1
For all other size classes jack
mackerel correction
Lo et al. 2009
same as anchovy

4M5 = 2.7 ∗ & (-.(*∗9OP)
Pacific mackerel
correction
Lo et al.

7 = 7Q ∗ R
Where L is live length in mm, Lp is
preserved length in mm, and f = 1.098
for formalin correction
Bailey 1982

t0 = 780.3
d = -4.1383
b = -.0581
Zweifel and Lasker 1976

same as anchovy

same as anchovy

t0 = 6910
d = -6.2025
b = -.0905
Zweifel and Lasker 1976

Pacific mackerel
(Scomber japonicus)

same as hake

same as hake

same as hake

t0 = 3646
d = -6.4705
b = -.0535
Zweifel and Lasker

jack mackerel
(Trachurus
symmetricus)

same as hake

same as hake

same as hake

t0 = 3646
d = -6.1172
b = -.0599
Zweifel and Lasker 1976

Pacific hake
(Merluccius
productus)
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Pacific sardine
(Sardinops sagax)

Table A.2 The growth models and associated parameters used to estimate larval
age are listed. The calculated ages were used to determine stage duration in
equation 3 and mean size-class age for mortality estimation in equation 4. For
species that have both ty and tf models for growth, age = ty + tf if the larvae satisfy
the tf size condition. The ty model approximates the growth of larvae from hatch
to yolk-sac absorption and the tf model is for the growth starring at first feeding
and older. The model used for the mackerels do not distinguish between yolk-sac
growth and growth after first feeding. As a result, their age was denoted by t.
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Species

Growth and aging

References

northern
anchovy
(Engraulis
mordax)

For lengths < 4.1 mm,

Fissel et al. 2011

Pacific hake
(Merluccius
productus)

For lengths < 6 mm,

Bailey 1982
Hollowed 1992

Pacific sardine
(Sardinops
sagax)

For lengths < 6.2 mm,

Zweifel and Lasker
1976
Butler 1991

2
/0 14.257
−1
!" = $ ) ∗ ln .
9
. 32
'(
/0 14.257
For lengths ≥ 4.1 mm,
2
/0 1277
−1
!; = $ ) ∗ ln .
9
4.1
'<
/0 1 27 7
Where,
'( = .1108 ∗ @ (.BBCD∗E)
and T is mixed layer temperature and,
'< = (22.48 − .83 ∗ G)HB
Where m is the month
(2 − 2.75)
!" =
. 16
For lengths ≥ 6 mm,
1
2
/0 J1 − 1
7 ∗ /0 11.727K
3.15
!; =
−.02624

Where,

5.1918
/0 .
9
2
5.1918 − /0 1
7
. 0341
!" =
M

M = .0317 ∗ @ NO.BPCOHQ
and T is the mixed layer temperature

R.STU∗V W

For lengths ≥ 6.2 mm,

2
/0 1 7
−1
35
!; = $ ) ∗ /0 .
9
6.2
'<
/0 1 7
35

Pacific
mackerel
(Scomber
japonicus)

jack mackerel
(Trachurus
symmetricus)

Where,
'< = .0485 + .00113 ∗ sinN(G − .6.182) ∗ .5234W
Where m is the month
28.2616
2.3476 − /0 1
7
2−1
!=
[

Lo et al. 2009

[ = .2828 − .0229 ∗ \ + .0007 ∗ \ ]
Where T is mixed layer temperature
same as Pacific mackerel

Lo et al. 2009
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Figure A.1 Scatterplots displaying estimated daily instantaneous mortality rates
from equation 5, northern anchovy (A-B), Pacific hake (C-D), Pacific sardine (EF), Pacific mackerel (G-H), and jack mackerel (I-J), and unweighted wind-event
metrics. The unweighted-mean number of storms (gray circles) are in the left
column and the unweighted-mean number of calm periods (black triangles) are
in the right column. Pearson correlation coefficients (r) are displayed on the top
of each plot and corresponding p-values. Bonferroni correction were applied
(corrected p-value threshold = 0.005).
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APPENDIX B
SUPPLEMENT TO CHAPTER 4

Table B.1 Means biomass in µg C l-1 per size fraction per functional group across
years and seasons. The number of samples is indicated on the bottom row of the
tables.
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Nearshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote

136

Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2005
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.00
3.60
3.58
95.19
16.49
0.00
0.00
0.38
1.00
0.00
0.38
0.00
1.34
0.00
0.00
0.00
0.96
1.13
0.00
35.25
1.01
1.35
2.77
0.00
0.00
4.93
7.67
0.00
0.00
0.00
19.62
2.87
0.22
1

Summer
0.00
0.00
0.70
6.03
5.15
0.00
0.00
0.17
0.41
0.00
0.27
0.00
0.53
0.00
0.00
0.00
0.00
0.17
0.35
0.40
0.37
0.00
0.80
0.28
0.00
0.70
0.42
0.11
0.00
0.00
0.00
0.00
1.22
2

2006
Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Winter
0.00
0.39
0.00
0.02
0.00
0.09
0.93
0.12
0.00
0.00
0.97
2.49
0.24
0.00
0.00
0.00
0.00
0.45
0.30
0.00
0.87
0.00
0.93
0.00
0.00
2.89
1.09
0.00
0.00
0.00
0.00
2.57
4.19
1

Spring
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Summer
0.00
0.00
0.33
0.89
0.01
0.00
0.26
1.31
0.00
26.50
0.49
0.00
0.98
0.16
0.00
0.00
2.48
1.49
0.68
0.00
0.64
0.00
0.94
0.35
0.00
2.03
1.43
0.00
0.00
0.00
0.00
0.61
3.02
1

Fall
0.00
0.00
0.11
0.01
0.02
0.00
0.69
0.24
0.00
0.00
0.11
0.38
0.30
0.00
0.00
0.00
0.00
0.32
0.26
0.59
4.45
0.48
0.43
0.00
0.00
1.31
0.18
0.03
0.00
0.00
0.00
2.71
0.69
1

Nearshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote
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Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2007
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Summer
0.27
0.37
8.57
11.59
7.35
0.14
0.80
0.00
0.22
0.00
1.18
1.08
0.98
0.15
0.00
0.00
0.17
1.07
1.89
0.00
1.05
0.24
1.10
0.16
0.00
2.05
0.82
0.00
0.00
0.00
0.00
0.61
3.50
2

2008
Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Summer
0.00
0.00
0.13
0.08
0.06
0.00
0.00
0.00
0.00
0.00
1.21
0.70
0.77
0.16
0.00
0.00
0.00
0.04
0.00
0.67
0.88
0.00
0.78
0.39
0.61
0.85
0.06
0.00
0.00
0.00
0.00
0.78
1.64
2

Fall
0.00
0.00
0.70
0.08
1.08
0.00
0.00
0.10
0.00
0.00
3.07
1.39
0.55
0.00
0.85
0.00
0.00
0.15
0.37
2.23
2.04
1.01
1.45
0.19
0.00
0.36
0.30
0.00
0.07
0.00
0.00
0.00
3.08
2

Nearshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote
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Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2009
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.24
0.00
0.36
0.01
0.00
0.00
0.29
0.18
0.07
0.00
2.16
0.04
0.58
0.10
0.00
0.00
1.81
0.25
0.16
0.00
1.52
0.23
0.78
0.00
0.00
0.45
0.33
0.00
0.00
0.00
0.00
8.59
13.24
1

Summer
0.00
0.00
7.55
3.44
2.55
0.39
0.21
0.00
0.32
0.00
0.74
0.97
0.52
0.00
0.00
0.13
0.55
0.00
0.00
0.00
0.94
0.70
1.27
0.00
0.00
1.91
0.09
0.00
0.00
0.00
6.62
0.96
6.34
1

2010
Fall
0.00
0.00
0.53
0.00
2.86
0.00
0.18
0.00
0.00
3.23
1.31
0.61
0.86
0.23
0.00
0.00
0.07
0.00
0.41
0.00
1.03
0.37
0.62
0.38
0.00
0.73
0.44
0.02
0.00
0.00
0.00
6.86
11.84
1

Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.00
0.00
0.05
0.15
0.01
0.00
2.94
0.00
0.17
0.00
2.14
1.19
0.76
0.22
0.00
0.10
0.00
0.09
0.57
2.86
1.77
1.68
0.88
0.67
0.00
2.79
1.45
0.00
0.00
0.00
0.00
1.17
6.19
1

Summer
0.00
0.04
0.24
0.31
2.57
0.00
0.70
0.57
0.14
1.07
2.35
1.52
1.14
0.32
0.00
0.00
0.51
0.32
0.00
0.00
1.58
0.52
1.52
0.13
0.00
1.72
3.55
0.00
0.00
0.00
0.00
0.31
14.64
2

Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Offshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate
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Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2005
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.03
0.00
0.13
0.10
0.00
0.20
0.88
0.30
0.00
0.00
0.13
0.00
0.27
0.00
0.00
0.15
0.00
0.29
1.12
0.00
0.64
0.00
0.34
0.00
0.00
0.74
0.00
0.00
0.00
0.00
0.00
0.00
0.39
1

Summer
0.00
0.00
0.04
0.19
0.12
0.09
0.56
0.18
0.28
0.00
0.47
0.25
0.17
0.00
0.00
0.00
0.00
0.24
0.62
2.07
0.12
0.07
0.44
0.00
0.00
1.29
0.20
0.02
0.00
0.02
0.00
4.18
0.43
3

2006
Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Winter
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.10
0.00
0.00
0.35
0.51
0.23
0.00
0.00
0.00
0.00
0.22
0.47
0.00
0.54
0.00
0.30
0.00
0.00
1.26
0.07
0.00
0.00
0.47
0.00
3.43
0.64
1

Spring
0.00
0.00
0.06
0.05
0.09
0.00
0.63
0.10
0.42
0.00
0.61
0.00
0.58
0.38
0.00
0.08
0.00
0.16
0.39
0.00
0.72
0.19
0.68
0.52
0.00
1.92
0.00
0.00
0.00
0.00
1.45
4.23
1.31
1

Summer
0.00
0.00
0.12
0.00
0.21
0.00
0.83
0.15
0.26
0.00
0.17
0.11
0.42
0.00
0.00
0.08
0.00
0.11
0.82
0.00
0.26
0.00
0.33
0.03
0.00
0.26
0.11
0.02
0.00
0.00
0.00
2.54
0.32
1

Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Offshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote
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Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2007
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
1.39
0.19
0.07
0.14
0.00
0.46
0.38
0.16
0.00
0.00
1.19
0.22
0.37
0.00
0.00
0.00
0.00
0.18
0.71
0.00
0.76
0.00
0.52
0.42
0.00
2.05
0.16
0.00
0.00
0.00
0.00
0.00
2.64
1

Summer
0.08
0.20
0.28
0.17
0.03
0.00
0.18
0.14
0.00
0.00
0.49
0.29
0.37
0.12
0.00
0.00
0.05
0.07
0.36
0.00
0.95
0.05
0.39
0.44
0.00
1.46
0.85
0.02
0.00
0.55
0.00
4.09
0.21
2

2008
Fall
0.05
0.00
0.16
0.04
0.00
0.15
1.54
0.28
0.19
0.00
0.61
0.19
0.35
0.11
0.00
0.11
0.27
0.06
1.02
0.80
0.59
0.06
0.38
0.38
0.00
0.94
0.19
0.00
0.00
0.00
0.00
1.90
1.37
2

Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.00
0.00
0.39
1.05
2.99
0.00
0.24
0.00
0.00
0.00
1.28
0.61
0.00
0.00
0.00
0.36
0.00
0.25
0.00
0.00
0.69
0.17
0.39
0.00
0.00
1.82
0.12
0.00
0.08
0.00
0.00
2.62
2.06
1

Summer
0.07
0.00
0.02
0.40
0.33
0.00
0.00
0.00
0.00
0.00
1.63
0.44
0.38
0.23
0.00
0.09
0.00
0.02
0.03
0.26
1.07
0.40
1.26
0.91
0.00
0.44
0.09
0.00
0.00
0.55
0.00
0.33
2.45
3

Fall
0.00
0.00
0.70
0.12
0.26
0.00
0.10
0.00
0.02
0.00
1.16
0.24
0.23
0.14
0.00
0.02
0.02
0.02
0.10
0.19
0.81
0.45
0.53
0.15
0.00
0.57
0.06
0.00
0.00
0.00
0.77
0.00
0.80
4

Offshore Biomass (µgC/l)
Functional Group
Diatoms

Autotrophic Dinoflagellate

Other Autotrophic Eukaryote
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Heterotrophic Dinoflagellate

Other Heterotrophic Eukaryote

Prymnesiophytes
Ciliates
Prochlorococcus
Synechococcus
number of stations sampled

size
(µm)
<5
5–10
10–20
20–40
>40
<5
5–10
10–20
20–40
>40
2–5
5-10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
20–40
>40
2–5
5–10
10–20
10–20
20–40
>40
0.5–0.7
0.8–1.5

2009
Winter
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0

Spring
0.03
0.00
0.07
0.00
0.00
0.00
0.58
0.04
0.00
0.00
0.48
0.00
0.22
0.00
0.00
0.00
0.00
0.11
0.00
2.65
0.45
0.08
0.64
0.12
0.00
0.15
0.09
0.00
0.00
0.00
0.00
0.68
5.27
2

Summer
0.00
0.09
0.01
0.02
0.10
0.13
1.91
0.01
0.00
0.33
0.83
0.82
0.36
0.14
0.00
0.10
0.99
0.02
0.25
0.60
1.21
0.27
0.72
0.50
0.00
1.26
0.13
0.01
0.00
0.00
0.00
1.79
11.03
4

2010
Fall
0.00
0.00
0.03
0.00
0.12
0.00
0.12
0.00
0.06
0.35
0.70
0.14
0.46
0.16
0.00
0.00
0.08
0.06
0.12
0.66
0.72
0.28
0.78
0.28
0.09
0.44
0.60
0.00
0.00
0.00
0.00
2.42
8.85
3

Winter
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.18
0.14
0.00
0.86
0.47
0.56
0.10
0.00
0.00
0.29
0.34
0.20
0.00
0.56
0.29
0.75
0.38
0.00
0.62
0.14
0.01
0.00
0.00
0.00
1.66
1.88
2

Spring
0.00
0.00
0.06
0.07
0.01
0.34
1.11
0.00
0.00
0.32
0.70
0.25
0.36
0.00
0.00
0.13
0.00
0.05
0.00
0.20
0.98
0.40
0.86
0.07
0.00
0.97
0.34
0.00
0.00
0.00
0.00
0.00
0.24
1

Summer
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.18
0.00
0.00
1.06
0.00
0.37
0.00
0.00
0.00
0.23
0.12
0.00
0.00
1.10
0.41
1.01
0.04
0.00
1.01
0.49
0.00
0.00
0.00
0.00
4.32
1.39
1

Fall
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0
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